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Foreword

To control the movement of a spacecraft (SC) and accomplish
various tasks in investigating outer space, information is required
on the parameters of movement of the spacecraft itself as well as
on phenomena in its surrounding environment. This information can
be obtained with the use of measurements based on the use of
various physical principles. Along with radio engineering
systems, wider and wider application is being found by instruments
based on the use of radiations of the optical band of the elec-
tromagnetic spectrum.

All instruments of electro-optical automatic equipment, homing
systems, electro-optical measurement instruments, and others
belong in this .category.

These instruments are used for trajectory and orbital measure-
ments, the.precise guidance of the carrier rockets of spacecraft
during launchings, for the automatic tracking of satellites, for
the guidance and homing of SC during approach and docking and
orientation of the SC relative to the earth, planets, and other
heavenly bodies, and for the correction of orbits or the execution
of a landing of the SC, meteorological observations, and weather
forecasting.

Present-day- Soviet electro-optical instrument making is
based on the works of famous scientists N. D. Smirnov, V. V.
Meshkov, S. V. Yeliseyev, V. G. Vafiad', L. P. Lazarev, N. G.
Basov, A. M. Prokhorov, M. M. Miroshnikov, V. A. Khrustalev, D.
M. Khorol, and many others.

In this book, basic attention is devoted to the physical
principles of the construction of automatic electro-optical in-
struments which are employed in space technology, the special
features in the construction of schematic diagrams, and to the
calculation of the basic parameters which determine their func-
tional properties.

Considering the ever wider use of lasers,.the authors
presented material in the book which throws light on the prin-
ciples for the construction of electro-optical instruments with
lasers and methods for their design.

The first part of the book outlines fundamentals of the theory
of electro-optical instruments and the principles for the con-

struction of instruments for various purposes.

The material of the second part of the book will give the
reader the opportunity to calculate the parameters of the electro-
optical equipment of a SC in the preliminary design stage.
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ELECTRO-OPTICALD DEVICES OF SPACECRAFT

A. N. Iznar, A. V. Pavlov, and B. F. Fedorov

PART I /5*
PRINCIPLES OF THE DESIGN OF ELECTRO-OPTICAL INSTRUMENTS OF

SPACECRAFT

CHAPTER 1. SOURCES OF RADIATION AND THEIR CHARACTERISTICS

1.1. Standard Emitters and .Their Characteristics

The basic energy characteristics are used for the calculation
of the parameters of any radiation source: the radiation energy,
radi7ation-flu, eniergy urightness, energy luminosity - energy ir-
radiance, and also the spectral composition and three-dimensional
radiation pattern.

The formulas which describe the basic energy characteristics
and the tie between them are presented in Table 1.

For a ,complete description of the radiation source, it is
necessary to know not only the integral values of the character-
istics, for example, of the radiation flux, but also the spectral
composition of the radiation.

For this purpose, use is made of the concept of spectral
density of radiation flux A-Q/AX.

For an infinitelysmall interval AX, the relationship
A(D/AX (Fig. 1.1) is called i  the function of the spectral
density of radiation flux, i.e.

Integrating it for the entire spectrum,_we can find the value of
the total radiation flux

o. (1.11)

* Numbers in the margin indicate pagination in the foreign text.



Table 1.1 /6

Basic characteristics Connections between Remarks
characteristics

Radiation flux or = (1.2) (1.3) W - energy
dit

Energy luminous d or (1 dI = BdA cos p or,
intensity d I = BA cos P W - solid angle

.dl

Energy dAco R A - area of radiative
Energy s d co

-g s (1.7) surface

or B os (1.6)
A cos P

-T the angle between
the normal to theEnergy d- (

luminosity or R=- (1.8) R= B (1.9) radiative surface

r iadation deidA A and the direction
Sunder construction

A - area of illuminated
Energy

-i-r-rac (-i-an c -_) I surface
d-i-ne E or EA (1.10) E cos (1.lOa) L - distance from source

to irradiated source



By analogy with the function of /7
q 4() 8r/..t"/ the spectral density of radiation

o0) flux $(X), we write the expressions
for the functions of spectral den-

A sity of the other characteristics:

Energy brightness

dB dB.12)lim- (---- -= (,); (1.12)
Fig. 1.1. Function of A.0 AX (d1
spectral density of radi-
ation flux.

Key: . m; 2. Energy luminous intensity
Key: 1. 'W/pm; 2. Pm

lim l  dl ();

ax-o (1.13)

Energy irradiance

AiEX dE

AX-(l.4)

Energy luminoslity

AR' dRx
A-lim A= r ( ). (1. 15)

The integration of these functions permits obtaining the
integral values of the quantities under consideration

b(X)dk=B; 1(X)d=1;S e( )dI=E; r(X)d)=R (1.16)

The radiation of any object consists of the intrinsic
temperature radiation and the radiation of other sources reflecte
from it.
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Intrinsic temperature radiation is determined by the temper-
ature, shape, dimensions, and properties of the radiative surface.
The basic characteristics of temperature radiation of ideal black
bodies is calculated in accordance with the basic laws of radia-

tion, the analytic expressions for which are given in Table 1.2.

Table 1.2 /8

Analytical expression Remarks

R' (T) R(T). const = R() R' (T) &_. RT)-),Energy lumino-
' (T) a (T) (1.17) :sity aid.IBB (ideal

'black body at temperature
r' () , T) r" (1, T) '' (T) & a(T)- Absorb-
a' (X, T) a" (X, T)

tivity of a body'and

... const r (, , TIBB at temperature T
- a (., T)

(1.18)

Kirchoff's law

(C -1
r (k. 7) = CI-S e-  - 1 (1. 19) " ,CI = 2nhc2, . Co - (1.20)

k
Planck' s law

Cl
R (T)= cT4 - (1.21) a = 64455 = 5.67-12

Stefan- Bolt zmann .law Stefan-Boltzmann constant

)max T const =

= 2896 i*-deg-- (1.22)
Golitsyn-Wien law

r(ma, T)= 1,315 (1)1,
1000,/

W/(cm 2 i) (1.23)

( _965 
X _ 

; y r (X)

Y 142.3 x-5 eX - (1.24) m r (max)
The tables of-values of this
function by-argument are
presented in work [20]

Note. The factor E is introduced into the formulas which
characterize the emittance of gray bodies.
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The share of radiation taken over a comparatively broad
interval of the spectrum is calculated by the formula

f=Z(x,)- Z(X),
x z(1.25)
Sy (x) dx

0

where y(x) dx is the tabular function. (1.26)

With narrow intervals, considerable errors are possible /9
because of the absence of tables of the function Z = Z(x) with
a small step. Therefore, with a narrow spectrum interval, the
share of radiation of the "IBB can be estimated in the following
manner.

If the function of the spectral radiation density r(-X~- is
known, the energy luminosity-RAX onthe interval AX will be

Rb)= r ()dX. t(1.27)

Since it is assumed that the interval AX
is extremely small, the function r(X),within its limits for the
practical calculations, can be considered constant and equal to
the value rAX (Xav) on the wavelength of the middle of the interval.
Then, from (1.27), we have

Substituting the value rAx (Xav) from (1.24) in the formula which
is obtained, we find

SR ,= Y r (;"max, T) A ,. r

OP the other hand, on the basis of (1.21), energy lumin sity\
R = . We designate the relation of RAX to R fR

5



Substituting the values R and RAX here and considering (1.23),
we find the expression

fR= 0.2 32 y. TA,10- 3, (1.28)

which permits determining the share of radiation of the AChT taken
over an extremely narrow spectrum interval.

For the characteristic of the radiation properties of one
or another non-black body, the concept of emittance e is used:

R' (T) r' (k, T)
s(T) or "i(T)-RBB (T) r IB, T) (1.29)

Hence, it follows:

(T)= (T) or zx(T)= a(,T).{ (1.30)

The emittance of all real bodies is always less than 1. If
the emittance does not remain constant with a change in wave-
length, such bodies possess selective radiation. The degree of
selectivity is determined by how much the spectral distribution
of the radiation differs from the spectrum of the IBB at the
same temperature.

Using the formulas presented in Table 1.1 and 1.2 and, con-
sidering the emitters, which follow Lambert's law, we can deter-
mine the nature of the distribution of the ene-rgy luminous
intensity in space and the integral values of the radiation
fluxes.

Several characteristics of the radiation of sources of
simple form are presented in Table 1.3.

An emitter typical for the e-lectro-optical eqipment of /1
space vehicles is the earth with its surrounding atmosphere. In

general, its radiation consists of two components: intrinsic
temperature radiation of the underlying surface of the earth and
the layer of the atmosphere, and also the radiation of heavenly

6



Table 1.3

Type of emitter Radiant intensityof radia Radiation flux
tion indicatrix

A /I = o cos a 4f = no

Disc oT4eA aT4eD 2  c EcT4nD2o, , l 1o = BA - -- Io a- 44 4

D

01= 1 co ) st \

Sphere nD2 eoT4D2 =~ - 4 D2 aT4
l " I o = B -- 2

1B - 10 2

0 4 4

l (1 + co90 sin a

IS 2D + T n2T

Cylinder with.' - 0 ( cO)T4D2

spherical base 4 D1

S. 4 4 _.- o

-, lo
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bodies (sun, moon, stars) which is reflected from the earth's
surface layers and the atmosphere.

The intrinsic radiation of the earth's surface layers and
the layer of the atmosphere depends on.the temperature and nature
of the earth's surface, the composition of the atmosphere and the
distribution of the absorbing substances in it, the presence and
nature of cloudiness, etc. Besides this, the reflected radiation
depends on what source irradiates the earth's cover. The
type of function of spectral density of the energy brightness of
the side of the earth illuminated by the sun during observation
from outer space is shown in Fig. 1.2. From the graph it can be

seen that in the windows of transpar-
ency of the atmosphere, the energy
brightness corresponds to the radiation

0 / of an IBB at the temperature of the
IBB 30 stratosphere. In the spectral band

S0,8u X < 3 , the reflected solar radiation
I /v is predominant.

S / 00 -K The intrinsic radiation of the
4 _7  earth's surface is determined by its

0 2 4 6 8 0 1214 4M temperature and the nature of the
underlying surfaces. The temperature
of the surface depends on the nature

Fig. 1.2. Functions of of the earth's cover. In the transi-
the spectral density of tion from one cover to another,
energic luminance of the temperature drops arise (Table 1.4)
side of the earth illumi-
nated by the sun The effect of the nature of the
Note. The dashed lines surface on the characteristics of
show the functions of the radiation is considered by the black-
spectral density of ener- ness coefficient (Table 1.5).
gy brightness of an IBB
at temperatures T = 300 In the calculations, the earth's /13
and T = 200 K. surface covers can be considered as

Key: 1. IBB; 2. pm diffuse (equally bright) emitters.

TABLE 1.4

Field- Plowland- Land- City-
Nature of transition forest grass water field

Temperature drop, K Up to 5.3 Up to 5.0 3-4 1.5-1.0

8



TABLE 1.5

Coni- Green WaterType of surface Soil Coni- Green Water Snow Sand Clay
ferous Grass Surface
needles

Coefficient 0.95 0.97 0.97 0.96 0.92 0.89 0.85

In the spectral bands of intense absorption, the radiation of
the earth',s surface is absorbed without emerging beyond the limits
of the earth's atmosphere. Energy is radiated into outer space
which is emitted by the absorbing molecules of the atmosphere.
The larger the absorptance, the higher the layers of the atmos-
phere radiate into outer space. The spectral composition of such
radiation is presented in Fig. 1.3. Since temperature is reduced

with an increase in altitude
(up to altitudes of 75-80 km),
less is radiated into outer
space than is shown in Fig.
1.3. A noticeable reduction

S I \ rpavfur2= is observed in the absorption
S 1 S bands of carbon dioxide and

I4U water and ozone vapors. Since
ai the water vapors are concen-

trated in the surface layer
(see Chapter 2) and have a

' 4 -comparatively high temperature,
i Av;.- r - x they have a lesser effect on

0 4 8. 1i ; 24 1 S' outgoing radiation than
carbon dioxide and ozone.

Fig. 1.3. Spectral composition Radiation in the absorption
of the earth's radiation into bands depends on the tempera-
outer space. ture of the radiative layers

as well as on the change in
Note. The dash lines show the the distribution of radiating
functions of the spectral den- molecules, especially CO 2
sity of energy brightness of an and 03.
IBB at temperatures of T = 288
and T = 218 K. The reflected component

depends on the nature of the
Key: 1. mW/(cm 2.p); 2. IBB underlying surface as well as
with T = 288 K; 3. Radiation of on the position of the ir-
the earth and the atmosphere; radiating source. The
4. IBB with T = 218 K; 5. reflectances (albedo) of the
micrometers (Pm). majority of earth surfaces in

the infrared region are

9



comparatively low. The ground covered with grass reflects ap-
proximately 15% of the incident radiation and only in the band of
0.7-1 mis the albedo of the grass cover higher than 70-80%.
On the average, for the earth's hemisphere the albedo varies from
0.36 to 0.39 in the visible region of the spectrum and comprises
approximately 0.3 in the infrared band of the spectrum. If we
consider the total radiation, then on wavelengths X < 3-4 pm, a
large part of the radiation of the earth's surface is caused by
a diffusely radiated radiation flux from the sun. On wavelengths
X > 4 pm, the scattered. radiation of the sun b.ecomes negligibly
small in comparison with the intrinsic radiation of the atmosphere.

With cloudiness, radiation beyond the limits of the atmos- /14
phere goes not from the earth's surface but from the upper
boundary of the clouds which radiate as an ideal black body with
the temperature of the clouds. This radiation is selectively
attenuated by the molecules of the upper layers of the atmosphere.

In addition to energy characteristics, illumination character-
istics are often employed: luminous flux, luminous intensity,
illumination, etc. Their connection with the energy character-
istics is established by the formula

F=Ka, () 0, (1.31)

where 0 v

(1) dX (1.32)

is the efficiency of the eye or the coefficient of the utiliza-
tion of the radiation flux of a given source by the eye;

Kmaz (X) (1. 33)

is the function of the relative spectral sensitivity of the eye
which is known in literature under the name of the function of
relative luminous efficiency of the eye;

F
=683 lm/W.

(1.34)

10



and by the formula

Ecp = En683 (1.35)

(E is expressed in W/m 2).

1.2. Radiation of Heavenly Bodies

The sources of radiation on the celestial sphere are the sun,
moon, planets, and stars.

The magnitude of the radiation fluxes of the planets and the
moon depends primarily on the absolute temperature of the upper
layers of the atmosphere of the planet or its surface. Along with
this, they also depend on the nature of the planet's atmosphere.
Data on some characteristics of planets connected with their
infrared radiation are tabulated in Table 1.6.

TABLE 1.6

Earth Venus Moon Mars

Characteristics 0 Co 0 o .d 5 H a
W H 0 ed H 0 -HO 'd 0 rd
S 0o 0o H V 0)4

Do o 0

290 220 430 225 4: 00 120 250 20

Wavelength of maximum 10 13 7 11.5 7.5 24 10o 14
radiation imax, Pm
Ener brightness 0.013 0,004 0.005 0.047 0.0004 0.011 0.01 .00

W/Tem2 . s r )

Portion of radiation in 0.66 0,47 0,85 0.49 0.82 0,09 0,64 0,42
the spectrum band AX
from 1.8 to 18 pm

Portion of radiation in 0.56 046 0.5 0.4
the spectrum band AX
from 7.5 to 18 im

11



From the table, it can be seen that the temperature of the
radiating surfaces lies within the limits of from 120 to 430 K,
as a result of which the main share of the radiation flux emanates
in the infrared region of the spectrum on wavelengths of more
than 5 un. Therefore, with the use of the indicated planets as /15
emitters, receivers should be used in electro-optical equipment
which possess sensitivity in the band of the spectrum from 5 P
and up to 15-20 wm, and: sometimes up to 40 jm.

The infrared radiation of the planets is the sum of two
components: intrinsic radiation and diffusely reflected solar
radiation. The temperature and, consequently, the thermal
radiation of the planets which have a comparably dense atmosphere,
such as Venus, earth, and Mars are comparatively constant identi-
cal over the entire surface of the planet. Characteristic of
planets and satellites which have a very rarefied atmosphere or
do not have it at all (for example, the moon) are considerable
periodic temperature drops, which causes similar drops in
radiation fluxes.

The amount of reflected solar radiation varies significantly
over the surface of the planet depending on the time. It depends
on the position of the terminator and the reflectance (albedo)
of the section of the planet. The albedo depends on the character
and altitude of cloudiness. The spectral composition of reflected
radiation is characterized by a color temperature of T = 6000 K
(color temperature of the sun). The main portion (95%) of the
reflected solar radiation is taken over a band of wavelengths
shorter than 2 pm.

In the solution of many practical problems connected /16
with orientation and navigation, stars can be used as astronomic
reference points.

In selecting a star as an astronomic reference point, it is
necessary to consider its position on the celestial sphere and
apparent point brilliance.

By the apparent point brilliance of a star (heavenly body)
we mean the illumination-engineering value which characterizes the
illumination which a given heavenly body creates at the boundary
of the earth's atmosphere on a small area perpendicular to the
direction of propagation of the rays.

The overall number of stars which comprise our galactic
system is approximately 100 billion. However, there are com-
paratively few stars which possess a sufficiently large visible
point brilliance.

12



The apparent point brilliance of heavenly bodies is evalua-
ted in stellar magnitudes.

The stellar magnitude m which determines the measure of
apparent point brilliance of a heavenly body is connected with
illumination E, created by the heavenly body, by the relation

m=-2,5 gE+c, j (1.36)

where c is a constant value equal to that stellar magnitude m0 at
which the heavenly body creates an illuminancej of 1 lx on a
small area.

An illuminance- of -1 l at: the- boundary -of the earth's atmos-
phere can be created by a heavenly body whose apparent point
brilliance is characterized by the stellar magnitude m 0 = -13.89
and, on the earth's surface, by a heavenly body having a stellar
magnitude of m0 = -14.2. Consequently, in working with formula
(1.36), it is necessary to take the value of constant c in
accordance with the conditions under consideration.

We rewrite expression (1.36) in the form

m--c =E
S 2.5

and solving it for E, we obtain a relationship which enables us
to calculate the luminosity from the celestial bodies from their
stellar magnitude

E==10- 2  ,I

or, with consideration of the values of coefficient c, we obtain

13.89+m

E=10 ;a (1.37)
14,2+m

Ee=10 2.5 (1.38)

where Es and Ee are the i-lluminances. in space and- on the earth'
respectively.
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We establish the relation between the illuminations created /17
by heavenly bodies with an apparent point brilliance of different
stellar magnitude. If the apparent point brilliance of two
heavenly bodies is evaluated by stellar magnitudes m I and m2 and
the i'lluminance whi-ch they create- is E1 and E2 , respectively,
then on the basis of (1.36), we write

mi= - 2.5 Ig El c;
m2= - 2.5 Ig E2Pc.

Subtracting one expression from the other, we will have

mI-m. =IgE,--lgE or Ig E = 0 .4 (m .- m ).
2.5 E2

Hence, after involution we obtain

E1  00 ,4(m,-m ) ( = 2 512(m,-m, . (1.39)
E2- E2

Expression (1.39) shows that with a difference in apparent
point brilliance of heavenly bodies by one stellar magnitude the
illuminations which they create differ 2.512 times. In this,
the greater the stellar magnitude of the heavenly body, the less
the illumination which it creates.

We note that prior to the introduction of the principle of
the division of stars by magnitude of apparent point brilliance
on the basis of equation (1.36), only six groups were distinguished.
Stars with the greatest point brilliance pertained to stars of the
first magnitude and the weakest but still visible to the eye
on a clear moonless night -- to the sixth. After the introduction
of the classification, it turned out that there are stars whose

apparent point brilliance exceeds the apparent point brilliance
of stars of the first magnitude. Therefore, so as not to
disturb the classification which had been developed, the scale
of stellar magnitudes was extended both to stars weaker than
the sixth magnitude and visible only in a telescope and to heavenly
bodies having a larger apparent point brilliance than stars of
the first magnitude. In this case, the counting is conducted
in the direction of negative values. For example, the apparent
point brilliance of the star Sirius is evaluated by the stellar
magnitude (-lm.4 3 ); of Venus with the greatest point brilliance
(-4 .4); of the moon at half-moon (-1 2m.6); and the sun (-2 6m. 7 ).
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Recently, photoelectric photometers have found application
and new requirements have arisen for a photometric system in
which stellar magnitudes are expressed. Used as the basis in
contemporary electrophotometry is the photometric system intro-
duced by Johnson and Morgan and designated by the letters UBV,
where U is the ultraviolet rays, B is the dark blue rays, and
V is the visual rays. In this system, the .stellar magnitudes
are measured on wavelengths close to 0.35 Pm 0.435 pm,-and Q.555.'im
(Fig. 1.4) with two color indices: U-V and B-V. Taken as zero
of the system are several stars of the AO class, close to the
sun, and having color indices equal to zero. The visual stellar /18
magnitudes which are determined in this system differ somewhat
in their values from regular visual stellar magnitudes. This can
be seen in the example of the brightest stars presented in Table
2 of the Appendix. With the introduction of the new system, the
possibility appeared to employ photoelectric photometers which
possess high precision in measurement (errors on the order of
±Om.01) and objectivity of the results obtained.

r 7. .1 U

Q V

I m b)

Fig. 1.4. For the determination of luminosity and
apparent point brilliance of stars:
1. Eye; 2. Normal photoplate; 3. photo-
visual plate.

Key: 1. Relative units

Of the tremendous number of stars presently known, only
4850 are visible to the naked eye. Their number includes all
stars with m < 6. The number of stars on the celestial sphere
increases with an increase in apparent stellar magnitude (Table 7).

The stars are scattered irregularly on the celestial sphere.
For convenience in orientation, they are arbitrarily distributed
into groups called constellations. Altogether, 88 constellations
are presently counted which embrace the entire celestial sphere /19
without overlappings and omissions. Individual stars which are
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part of the constellations are designated by Greek letters with
the indication of the name of the constellation to which they
pertain. The designation of the stars in alphabetic order (a, 8,
Y, 6,...), as a rule, corresponds to the decrease in their
apparent point brilliance.

TABLE 1.7

m Nvi s Nphotogr Nvis Nphotogr

1.0 13 - 8.0 42000 23000

2.0 40 - 9.0 125000 62000

3.0 100 - 10.0 350000 270000

4,0 500 400 11.0 900000 410000

5.0 1600 1200 12.0 2300000 1100000

6.0 4800 2900 13.0 5700000 2700000

7.0 15000 8300 14.0 14000000 6500000

* Beginning with m = 6, the number of stars
determined by the photovisual method is
presented.

The majority of the bright stars, in particular all stars of
magnitudes 1 and 2, also have their own names besides the letter
designation (for example, aOrion-Betelgeuse, aLira-Vega, aVirgo-
Spica, and so on).

Star charts, atlases, and catalogs can be used to obtain
information on the relative disposition of the stars on the
celestial sphere and their basic characteristics.

Besides division into groups according to apparent point

brilliance, all stars are subdivided according to spectral com"-
position in accordance with their intrinsic temperature. In
accordance with this criterion, the stars pertain to different
spectral classes designated in order of temperature decrease by
the letters O, B, A, F, G, K, M. R, N, and S. Each class en-
compasses stars with a specific spectral composition which is
characterized by a color temperature of one magnitude or another
(Table 1.8).
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TABLE 1.8

O B A F G K A I
35-0-25000 25000-15000 11000 7500 6000 5000 3500-2000

In order to characterize more precisely the spectral composi-
tion of radiation, in each class the stars are divided into ten
groups from 0 to 9 and have a double designation, for example,
00, B2, AO, A7, GO, F8, and so on. From such designation, one
can determined rather precisely the temperature of the radiative
surface of a star, and, consequently, characterize the distribu-
tion of radiation flux according to the spectrum. Knowing the
temperature of the radiative surface and the apparent point
brilliance (stellar magnitude) from known relations, we can
determine the energy irradiance.created ,by a heavenly body
from the formula

1 10 2.5E .,EcP-- L-- (1.40)
Kmax() -104 63. 10o1

where n is the efficiency of the eye.

Sometimes, to determine the color temperature of a heavenly
body use is made of the formula

T 7200T= ----
0.64+ ' (1.1)

where c is the index of the color of the star which is the /20
difference in the photographic and visual stellar magnitudes

c'rphot -mvisj

The distribution of stars by different spectral classes is
presented in Table 1.9.
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TABLE 1.9

Spectrum of m
stars BO-B5 B8-A3I A -F2 F-GO G5-K2 K5-A8 emain-

- eI f IIr der

star in per- 2 29 9.0 21 I 6 1/:

The characteristics of some of the brighter heavenly bodies
are presented in the Appendix in Table 4.

Of the stars, the closest to the earth is the sun, the
average distance to which equals 149,000,000 km. It is a dense
nucleus surrounded by an incandescent gaseous shell. The tempera-
ture of the upper layers of the sun equals approximately 6000 K.
The diameter of the sun is 109 times greater than the diameter of
the earth and is 1,391,000 km. The energy irradiance of the sun equals
6.2.103 W/cm 2 . Beyond the limits of the earth's atmosphere on
a small area perpendicular to the direction of propagation of
the radiation, the sun creates energy irradiance"E 1350 W/m2 or
0.135 W/cm 2 . The latter characteristic is known by the name of
solar constant. The2 verall value of the radiation flux emitted
by the sun is 3 .8.1 0  W. Beyond the limits of the earth's
atmosphere, the illumiantion which it creates is %135,000 lx,
and on the earth's surface in the middle latitudes 100,000 lx.
The integral radiation of the sun is extremely constant; however,
the intensity of the ultraviolet radiation fluctuates.

In calculations of the characteristics of equipment which
operates on solar radiation, the sun as an emitter can be taken as
an IBB whose function of spectral density of radiation flux is
determined with a temperature of T n 6000 K. The spectral
distribution of the sun's radiation is presented in Fig. 1.5.

1.3. Radiation of Auroras /21

Auroras arise under the action of powerful corpuscular
radiation of the sun at altitudes up to 700-1000 km above the
earth's surface. They are observed most often in the polar regions
but they sometimes occur in the middle and equatorial latitudes.
The maximum number of the auroras observable during a year occurs
in the zone of the earth's magnetic pole. The zone of auroras,
in which they arise and are observed during darkness almost
daily, is a a distance from the world pole of approximately
23*1.7410 rad (230). To the south of this zone, the average
annual number of auroras is reduced and their intensity weakens.

Translator's Note: The typesetter has obviously made an error since the
emnrgy luminosity 2 (3HepreTHHecKaR CaeTHM cTb) is given the symbol "E"
and units of W/cm which could only be energy irradiance
18 (3HeprBTHICHRaR ocSe48HHOCTb).



Auroras occur most often at altitudes of about 100 km, in which
regard the lower boundary of the altitudes depends on their
intensity (Table 1.10).

TABLE 1.10

Intensity of aurora Weak -Average Strong Very Arcs with
strong Intensive

coloration of
lower edge

Average altitude 115 108 99 95 65-70in km

The upper edge of the auroras is less clearly expressed and
extends to different altitudes for various forms (Table 1.11).

TABLE 1.11

Form of aurora Rays Drapery Drapery-like Diffuse arcs

Altitude in km 250 176 174 143

Average vertical
extension in km 137 68 68 34

In proportion to the distance from the zone of the auroras
toward the southern latitudes, the altitudes of the rayed auroras
increases and may reach values of 1000-1100 km.

Bands of radiation of various gases have been discovered in
the auroras (oxygen, nitrogen, helium, hydrogen). The range
of change of the radiance of.-the auroras is r-ather

great and in the bands of 0.3914, 0.4278, 0.5577, 0.6300, 0.7200, 0.7900,
and 0.8680 pm the .radian-cechan:ges within:limits from

3*10 - 7 to 1.1.10 - 4 W/sr m 2 [l]. However, according to data
[35], auroras with high luminance are encountered much more
rarely than auroras of weak luminance.
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The spectra of auroras are a /22
S 1z - j series of lines in the visible region

,5 i of the spectrum and a small segment
of continuous spectrum in the band

O0 ~ from X = 0.65 pnto A = 0.95 pm with a
75 / F_ clearly separated line on a wave-

length of A = 0.92 pm, the
0 o0.5 .0 r's A 4 radiance of which is (5-6).10-8 W/

/(sr.cm 2 ). In the longer-wave portion
Fig. 1.5. Spectral com- of the spectrum, there is also a
position of the sun's number of radiation bands. However, in
radiation beyond the this band of the spectrum,the radiation
limits of the earth's of the auroras exceeds insignificantly
atmosphere. the radiation of the night sky (Fig.

1.6). The values of radiance
Note. The dash line shows of the basic bands of auroras in the
the function of the infrared region of the spectrum are
spectral density of an presented in Table 1.12.
IBB at T = 6000 K.

Auroras are not distinguished
Key: 1. pm by time or spatial stability. The

radiation of the night sky mentioned
earlier, as became clear in recent
years, is caused to a considerable
degree by the radiation of molecules
of the OH hydroxyl group. This
compound is constantly present in the

ei upper layers of the atmosphere and is
__ a source of extremely strong infrared
V. 2, J3 radiation of the sky [35].

mv . The spectral distribution of the /23no/dys radiation of the upper layers of the
,9 2. 2M atmosphere has the character of

bands (Fig. 1.7 a, b). The integral
Fig. 1.6. Spectra of radiance o'f the upper
radiations of auroras layers of the atmosphere caused by

the radiation of OH molecules is
Key: 1. Aurora; 2. estimated in the spectrum band
Sky in cloudy AX=1.2-1.8 pjas the value 3-10-5 W/
weather; 3. pm /(sr.cm 2 ), and in the band AX = 3.8-4.4 pm

-- as the value 7-10 4 W/(sr.cm 2 ).

1.4. Characteristics of the Radiation of Lasers

In recent years, lasers have been receiving ever wider
application in space technology.

Three types of lasers exist ,: solid state, gas.,: and
semiconductor.
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TABLE 1.12

Wavelength in V 1.45 1.51 1.57 2.13 2.25 2.36

Radiance- 1.10-5 3.10-5 1-10-5 1.5-10-5 1.10-5 2-10-5
of bands in
W/(sr cm 2 )

Any type of laser has an

active-: material-,- cavi-ty,. source

I? of excitation, and power-supply
r _ .. source. (Fig. 1.8).

Used as :the active substances .are:

oa o.9 o 1.1Anhe -- in -soli---st-ate lasers
a) ruby crystals and other crystalline

r ft-Cp-m eCP., substances (plastics and glass with
V%' various admixtures,

,IWoAY, -- in semiconductor lasers semi-24

ro . 2,0 2. 5 o conductor materials (gallium ar-
5) senid, arsenic-gallium phosphide,

gallium phosphide and indium
Fig. 1.7. Spectral distri- arsenide).
bution of radiation of the
upper layers of the atmos- Data on the materials used in
phere: a - in spectrum la-sers are pre.sented in work-[ :20 ].
band X = 0.8-1.1 p; b - in
spectrum band from X = 1 m- The properties of lasers as
and higher. emitters are evaluated with the use

of their basic characteristics:
Key: 1. Relative units;
2. W/m 2 .sr* .v 3. Thermal -- Radiation flux (equivalent
radiation of the tropos- mechanical power) or radiation
phere; 4. 1pm energy;

-- Direction of radiation, or
width of beam;

-- Wavelength X and band width AX of radiation;

-- Radiation coherence

The radiation power is characterized by the value of the radi-
ation flux emitted by the laser. Lasers which operate

in the pulsed mode are characterized most often by the radiation
energy which is calculated as the product of the mean value of
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the radiation flux in the pulse for the duration of the pulse
and is measured in J.

W = s.t, J.

The power of a:-continuous-,dutyylaser (gas.and semi-
conductor) lies within limits from a few mW to a few W, and
the power of a solid- s.tate laser may reach .-106-102 W. Data
on the materials and basic characteristics of specific models of
lasers of various. types are presented in tables (see Appendix).

1 2 42 5 3

1 2

b)

a) '

c) d)

Fig. 1.8. Schematic diagram of lasers: a - Typical
schematic diagram of laser: 1 - Active
material; 2 - Cavity..(mirror); 3 -
excitation source (Flash lamp); 4 - power
supply source; b - Diagram of ruby
laser; 1 - Ruby rod; 2 - Cavity (mirror);
3 -.Excitation source (flash lamp); 4'
power supply source; 5 - Reflector; c -
Diagram of the construction of a gas laser:
1 - Tube with helium-neon mixture; 2 -
cavity (reflecting mirror);,3 - entry
windows; 4 - Mechanism for the adjustment
of the parallelism of the mirrors; 5 - high-
frequency oscillator; 6 - -electrodes;
7- Emergent beam; d - Diagram of
semiconductor laser': A and B - Faces
with mirror coating (cavity); p-region -
Active material.
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Direction of radiation is characterized by the value of the
angle of divergence of the beam. The least value of this beam,
which is limited only by the phenomenon of diffraction, can be
the value

. -0.61
= 2arcsin --- 1

d (1.42)

where d is the diameter of the radiation spot.

Since the angle of divergence are small, we can write

1.22 ..2 , (1.43)

from which it follows t at very small divergences can be attained.
If X = 0.63 P (0.63*10- cm) and d = 2 mm, then 8 = 3 .8*1 0

- rad,
which comprises an angle not exceeding 1'15".

The divergence of a beam of a gas laser lies. within the limits
of units of minutes, and of semiconductor and solid lasers,
units of degrees.

The width of the line of radiation, measured in k/c, depends
on the radiation flux and the Q of the cavity-and can-be
calculated from the formula

TC
fCL-- , I (1.44)

where T -- Radiation losses with one-time passa-ge in the /25
active material and reflection from the glass of
the cavity;

c -- The speed of light in the active material;
R -- The distance between the mirrors.

The minimum width of line caused by spontaneous radiation is

determined by the expression [161

8zhv ( )2
Avo= ' (1.45)

where h = 6.625-10-34 W.s 2 is Planck's constant.
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Thus, if ¢ = 1 mW, t = 100 cm, T = 0.02, then with . = 1.15 pm,
Avr = 1 MHz and Avo = 10-3 Hz.

Coherence is the basic property of quantum radiation sources.
It is made up of spatial and time components. Time coherence
signifies that the maxima,-- of radiation in a wave follow one
after the other with period t. With a change in the radiation
wavelength (frequency) the intervals between the maxima become
irregular and coherence is reduced. With spatial coherence, the
waves emitted by the laser form a flatfront perpendicular to the
axis of the:lse ;:.... More detailed information on the physical
processes which -take place in the 'laser, their construction, and
characteristics can be found by the reader in works [6, 10]. The
basic characteristics of some models of solid lasers andgas lasers
are presented in Tables 3, 4, and 5 of the Appendix.
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CHAPTER 2. THE PROPAGATION OF RADIATION IN THE ATMOSPHERE AND SPACE

2.1. Radiation Attenuation. in a Uniform Medium

The amount of radiation flux from an object which falls on a
radiation receiver depends not only on the power of the emitter
but also bn the properties of the medium in which this flux
is propagated. For approximate calculations, we will consider
the optical media inwh-ich. radiation flux is/propagated-
to be homogeneous. The attenuation of radiation in a me-
dium may be selective as well as non-selective. We will establish
the regular laws of attenuation as applicable to a monochromatic
radiation flux.

Suppose that a beam of parallel rays of a monochromatic radia-
tion flux $h(0) enters a homogeneous medium with-:thicknesses L
(Fig. 2.1). Assuming that the particles of the mediummatten-. /26
uate the radiation flux independently, we can present the cnange
in its value with passage through a layer of the medium with
thickness dl by the relationship

d'x(l)= --ax,(L)dl, I (2.1)

where aX is the attenuation coefficient of a monochromatic radiation
flux. Separating the~-variables. in (2.1), w' have

whence, after integration, we obtain

I-L L

(lnx( =- , ,(
-o or (2.2)

In this expression, the coef-
---- ficient aX characterizes the total

attenuation of the radiation flux

at by particles of the medium
both through scattering as well

S - as through absorption and, there-
L J fore, is the sum of the correspond-

ing coefficients

Fig. 2.1. Derivation of equa- a = c + a (2.3)
tion for radiation attenua-
tion propagating in a uniform
medium.
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where aXscat and aXab are the coefficients of attenuation of radia-
tion flux in the medium.due:to scattering and absorption.

If a complex radiation flux c 0 enters a medium whose
spectral distribution is characterized by the function D0(X), then
on the basis of (2.2) with consideration of (1.1) we can write

OL()dk= o()e -L .dk. (2.4)

Integrating this equality for A in the entire band of the spectrum,
we find the value of a complex radiation flux at the exit from the
medium.

tfi 0Qr)ed d)_1 (2.5)

For some narrow intervals of the spectrum, for example for /27
the visible band, the value aX can be taken as independent of
the wavelength, and then from (2.5) we obtain

where D6 and (' are the radiation fluxes at the entry and exit
from the medium, respectively.

If we designate e-Ga = T(X); e-a = T, then expressions (2.2)
and (2.6) will take the form

DA0(L)=x(0)r~(X (2.7)
(= D . (2.8)

Coefficients T0 (X) and TO are called the coefficients of
transmission of radiation flux by a layer of the medium of
unit thickness.

In this case, the transparency of the ridiumA-s-,charac-
terized by the function of spectral transmission T(A) for a mono-
chromatic radiation flux and the transmission coefficient T for
a complete flux.

The expressions for the determination of T(A) and T can be
obtained from formulas (2.7) and (2.8)

(7) Y ( =26 (= ) (2.9)
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()- == i (2.10)

Since the coefficients aX and a and T(M) and T which cor-
respond to them aecount-.for attenuat:ion of radiation flux as
a consequence of scatter and absorption, the overall transmission
of the medi.um .can be presented..by the products

T(A) = Tscat ()ab () (2.11)

T' = TscatTab (2.12)

where T (scat(T) and Tscat are the spectral and integral transmission

of the medium with consideration,of losses to scattering;
Tab() and Tab are the spectral and integral transmission but with

consideration of losses only by absorption.

Each of the coefficients in formulas (2.11) and (2.12), in
turn, can characterize the transparency of the medium-with
consideration of losses for scattering or absorption by various
components, i.e., each of these components is a product of the /28
type

p p . XT = H ]j; I
j-1n

i-1

TpTpn T 2 .. . T [ I r"j;

j"l

-- ='rjI' . . T- tj T.7SI-1
With consideration of the latter relations, Eqs. (2.1) and

(2.2) will take the form

1 J-1

j-1 -27

27



The formulas presented can be employed for calculating the
transmission coefficients of various optical media-including -

the atmosphere and optical materials of parts of electro-optical
instruments.

2.2. Brief Information About the Atmosphere

The earth's atmosphere is a medium.consisting of a
mixture of gases and water vapor with foreign particles suspended
in it -- aerosols (droplets of water which appear with the conden-
sation of water vapor dust particles, smoke particles) whose size
fluctuates from 5 - 1 0 -g to 5.10-3 cm.

Nitrogen (78%) and oxygen (21%) are the basic permanent com-
ponents of the ground layer of air. The fraction of the other
gases (argon, xenon, hydrogen, carbon dioxide, ozone, and others)
is less than one percent of the volume. Of these latter, carbon
dioxide and ozone have an influence on the transparency of the
atmosphere. The content of carbon dioxide in the ground layer
of the atmosphere is irregular and sometimes reaches 0.05%; how-
ever, for evaluating transparency, we will consider that carbon /29
dioxide is distributed in the atmosphere approximately uniformly
and its concentration by volume is 0.03% at all altitudes. Cor-
responding to such a concentration is a thickness of CO 2 layer
equal to 2.4 meters reduced to normal pressure and temperature.
The concentration of ozone 03 at an altitude of 20-25 km comprises
about 10-5 - 10-6 percent, which corresponds to a reduced thick-
ness of several millimeters. The maximum concentration of ozone
is found at an altitude of from 20 to 30 km. In the altitude
interval of from 40 to 70 km, ozone is in photochemical equilibrium.
At an altitude of 40 km, 1 cm3 contains 4.6.1011 molecules of ozone,
which corresponds to a concentration of 5.10-6, and at an altitude
of 70 km, 1 cm 3 contains 6.100 molecules (concentration 3.3.10-7),
i.e., the concentration of ozone decreases with altitude more
rapidly than the overall concentration of air. The content of
various components in the atmosphere, expressed in atm-cm, is
provided in Table 2.1 [8].

TABLE 2.1.

COmPO- N2 02 Ar CO2 Ne CH4 Kr N20 H2 He 03 Xe CO H20
nent "

28n . - 6246 1676 7440 240-14,6 1.210.8 0. 0,44,2 0.2- 0.06 0.0-1 .
tent 320 0.3 0.1 104
atm-c il
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The content of water vapor:,: in the atmosphere depends on a
number of factors, in particular, on air temperature and pressure
and the presence of bodies of water on the _given terrain., In this
connection, the water vapor content in the atmosphere increases witP
an increase in temperature. Fluctuations in the mean tension of

water vapor in the ground layer of the atmosphere for the middle
latitudes occur within limits of from 2.105 Pa (2 mm Hg) in Janu-
ary to 10.105 Pa (10 mm Hg) in July, which corresponds to an
absolute air humidity of 2.3 g/m3 and 9.9 g/m 3 . The basic quantity
of water vapor is concentrated in the lower 5-kilometer layer of
the atmosphere and drops sharply with a further increase in altitude.

As shown by data obtained during experimental investigations
with the use of AES [artificial earth satellites], meteorological
rockets, and other means, up to altitudes on the order of 100 km,
the earth's atmosphere remains basically nitrogen-oxygen in its
composition. With an increase in altitude, the pressure and
density of atmospheric air decrease in accordance with the exponen-
tial law. Table 2.2 [3] presents data on a model of the atmosphere
which can be used in calculations of attenuation. The table was
obtained by the concentration method.

TABLE 2.2. CHANGE IN CHARACTERISTICS OF THE ATMOSPHERE WITH ALTITUDE.

No.-ofAltitude Density Pressure Partcles Temper-Reduced
H (km) p g-cm 3 p, Pa inature, layer

volume, n T, K atm-cm

cm- 3

0 1,29-10- ' 133-760. 105 2.6.1019 273 9.1-10 5

60 3.5.10 - 7  2,4-10+1 7,3-1015 235 2.63.102
70 8.1.10 -  4.3-100 1.7.10'5 185 4.6.101

80 1,2.10 - s  6.0, 10- 2.5-1014 175 6.6-100
90 1,7-10- 9  9,2.10 - 2 35. 10' 195 10.3.10-'
100 2.7-10-10 1,6.10 - 2 5.5-1012 215 2.08-10-'
110 5.3-10 - 11  4.0. 0-  1.2.1012 235 5.4.10 - 2

120 1.3-10 - 1  1.2-10 - 3  3.11011 280 1.75-10-2
130 3.9.10- 12 4.7-10- 9.2.1010 355 7,10.10 - 3

140 1.4.10 - 12 2.3. 10- 4  3.4-1010 485 3J.710-
150 6.5.10 - 13  1.3-10 - 1 1.6-1010 605 1.20.10-3
160 3,5.10 -'3 8,3:10- s  8.4.109 715 7.8.10 - 4

170 2.1-10- 1' 5.6-10 - 1 5.1.109  800 5.3.10- 4

180 1.4,10- 13  4.0-10- 5  3.5-109 830 3.8.10 - 4

200 6.9.10 - 14  2.0.10 1,7.109  830 1.910 - 4
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Besides gases and water vapor, the lower layers of the
atmosphere constantly have admixtures -- aerosols in the form
of dust, smoke, various particles, and droplets. of water which
make the atmosphere turbid and worsen conditions for the propaga-
tion of radiation flux.

2.3. Characteristics of Outer Space /30

With an increase in altitude above the earth's surface, in
its parameters the atmosphere gradually approaches the parameters
of an interplanetary gas.l Therefore, in the solution of various
problems, the influence of the atmosphere is disregarded beginning
with the altitude determined for a given case.

As investigations show [26, 271, the parameters of the atmos-
phere, including its upper layers, being practically circumter-
restrial outer space, are unstable. They change with the latitude
of the locality, time of year, during a day; and also with a change
in solar activity.

At altitudes of more than 100 km, the ratio between
nitrogen and oxygen changes. The dissociation of molecules of
gases and water vapor occurs, and ions of molecular 02 and atomic
oxygen 0, molecular N2 and atomic nitrogen N, nitric oxide NO, and
water H2 0 are created.

A notion of the nature of change in the parameters of the /31
upper atmosphere with altitude is given by Table 2.3 compiled on
the basis of the processing of experimental data [27].

At the present time, it has been established with sufficient
precision [26] that at altitudes of 90-100 km even those small
vertical movements of air which could intermix and equalize the
gas composition of the atmosphere stop.

However, at altitudes of more than 80-90 km, there are solid
particles of cosmic origin (micrometeorites). It is assumed that
[28] the drop in the concentration of micrometeorites with altitude
conforms to the law H-1.4.

In works [27] it is presumed that the upper atmosphere is
divided for density of meteoric matter into three zones, for which
the distribution of meteoric particles is characterized by the
data in Table 2.4.

llt is assumed that the density of an ionized interplanetary gas
expressed by the number of particles in a unit of volume is
approximately 103 particles in 1 cm 3 .
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TABLE 2.3. CHANGE IN PARAMETERS OF THE UPPER ATMOSPHERE
WITH ALTITUDE.

Altitude No. of par- Density Temperature Pressure
H km ticles in p g/cm3  T K p Pa

unit of
volume, n

cm-3

225 6.01-109 2,12.10- 1' 936 8.3-10-5

230 5.31 1.79 938 7,4.10-

240 4.17 1.42 946 5,9.10- 1

250 3.3 1.10 958 4.7-10-5

260 2.64 8.66-10- 14  971 3.85-10-

270 2.12 6.83 987 3.14.10"

280 1.72 5.44 1005 2.6-10-5

290 1.40 4.36 1026 2.16-10 --5

300 1.15 3.53 1048 1.83.10- 5

325 7,31-108 2.17 1110 1.24. 10-5

350 4.82 1.40 1185 1.05-10-5

375 3.31 9.41-10-  1276 4.90-10-6

400 2,36 6.60 1373 5.07-10-

425 1.73 4,79 1489 4.05-10 6

450 1.32 3,60 1614 3.38.i0-5

475 1.03 .2.79 1781 2.92-10- s

500 8.24-107 -2.21 1953 2,60.-10

TABLE 2.4.

Frequency Mass of par- No. of
Zone of impacts,ticles per particles Density

N2 , M- 2 .s unit area in unit 10-21 g.cm3
in units of volume, n
time, 10-10 cm-3
10 - 3 g.cm- 2 s

00 <h<400 0,1-1,0 0,1-1,0 4-102-4.103 4.102-4.103

403< h <2R3  10-4-10-2 10-4-10-2 0.4-40 0,.4-40

h2R3 5. 0--6-10-4 5 0-6-10-4 0.02-0,4 0.02-0,4

Zodiacal 2.10-6- 10---10-3 0.01-1,0 0.03--3,0

o*oud 1210-4
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Cosmic particles enter the earth's atmosphere with tremendous
velocities on the order of 11-70 km/s and reach altitudes of 160-
140 km experiencing almost no deceleration. ..Next, they are sharply
decelerated and particles with radius r < 1 pm lose their cosmic
speed in the altitude interval of 130-95 km. The overwhelming
majority of the particles which enter the atmosphere are of small
dimensions. Dust particles from 0.30 to 1 pm comprise 99% of all /32
arriving particles; among them 60% of the particles have a radius
r = 0.3 pm and only 1% have a radius of 1 pm. Particles of rather
big dimensions are also encountered. At the high..altitudes there
are no particles with r < 0.25 pm, since they are driven out of
the solar system by light pressure. To estimate the density
number of particles at various altitudes, we can use the data of
B.A. Mirtov [26] presented in Table 2.5.

TABLE 2.5.

N9. 6 f ar -Velocit
Alti d~e Density te4es .n of fligt °  nv
H km g.cuf unit vRt., of par-n, cm cles v-

80 2.5.10 - s  5.7.104 5,8-101 3.3.1016

90 4.0-10 -  8,6-1013 3.84.102 3.3.1016

95 ].0-10- 2,7-103 3.0-10 . 8.0.07

100 5.5-10 - 10 1,5.10 3.0-105 4.5.1018

110 1.2-10-10 3.3-1012 1.68.106 5.6 -1018

120 3.7-10 - 11 1.1.1012 2.40-106 2.6-1018

130 1.4-10 - 11 4.0.1011 2.70.10 1.1.1018

140 7.0 10- 12 2.0.10" 2.82-10 5.6.1017

150 4.0.10 - 12  1.1.1011 2.88-10 3.2.1017

200 6.1-10 - 13  1.7-101010 2.97-106 5.0.1016

225 3.5-10- 13 1.0.1010 2.98-106 3.0.106

275 7.0-10 - 4 2.1-109 3.0-106 6.3.101s

300 3.4.10 - 14  1,1-109 . 3.0-10 3.3- 10 '1

Micrometeorites influence the operation of electro-optical //33
equipment, attenuating the transient radiation and causing the
background component of scattered solar radiation. But because
of the comparatively low density, the attenuation of the radia-
tion by micrometeorites can be disregarded in practice.

In addition, the prolonged action of meteoric particles can
lead to the failure of the optical parts. The nature of the pro-
cesses which occur on the impact of the micrometeorites with
various substances and the degree of change of the surface subjected
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to bombardment are considered in work [15]. In it, it is shown
that the degree of dulling action which is possessed by the
meteoric particles on the optical surfaces of the instruments
beyond the atmosphere is not great. A perceptible effect arises
during a time on the order of 10 years. The effect is
considerably stronger for refractive surfaces than for mirrors.

Data presented in work [15] indicate that the meteoric bom-
bardment of optical surfaces leads to an increase in the scatter-
ing component. Calculations which have been conducted show that
with an optical instrument which operates in the visible band of
the spectrum, the scattered component reaches 50% in 2 hours
after the start of bombardment.

For instruments which operate in the long-wave band of the
spectrum, the dulling effect is felt less.

Since the basic mass of the atmosphere (99.9%) is concen-
trated in the layer below 50 km and the concentration of meteoric
particles at great altitudes is relatively small, the attenuation
of radiation at altitudes of 50 km or higher can be disregarded.

2.4. The Propagation of Radiation in the Atmosphere and Space

During propagation in the atmosphere and space, radiation
flux is attenuated due to absorption and scattering by the mole-
cules of various gases, water vapor, and also solid particles
and drops of water. The dependence'-of.at'tenuation due
to scattering on the radiation wavelength has a smooth character
and the attenuation due to absorption has a selective character.

The radiation flux is absorbed selectively primarily by
ozone, carbon dioxide, and; water vapor, in which regard the last
two are the basic absorbing components (Fig. 2.2).

Ozone absorbs radiation comparatively intensively in zones
with centers on wavelengths X = 4.7 and 9.6 pm; carbon dioxide --
in zones characterized by wavelengths A = 2.05, 2.6, 4.3 (from
4.0 to 4.7) pm, and especially in the zone of 12.8-17.3 pm.

Water vapor absorbs most strongly in the zones whose centers
lie on wavelengths X = 0.94, 1.13, 1.38 (1.3-1.5), 1.46, 1.87
(1.7-2.0), 2.66 (2.4-3.4), 2.15, 6.26 (4.5-8.0), 11.7, 13.5, and
14.3 pm.

The zones of absorption of carbon dioxide and water vapor
are the reason for the almost complete absorption of infrared
radiation in a broad band of the spectrum by the atmosphere,
beginning with 14-15 pm.
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Fig. 2.2. Selective character of attenuation
of radiation flux by the atmosphere.

Key: a. Transmission
b. pm

The dependence of the attenuation of radiation flux on the
quantity of attenuating matter in the path of propagation of the
radiation with normal pressure is illustrated by a table [35] (see
Appendix, Table 6.7). With a reduction in pressure, the absorptiv-
ity of all components is reduced, i.e., layers of absorbing matter
of the same thickness at great altitudes above the earth's surface
attenuate radiation less than at low altitudes. This corresponds
to a reduction in the effective thickness of the absorbing matter.
If we designate by weff the effective thickness of an equivalent
layer of precipitated water vapor in the path of propagation of
radiation flux reduced for absorptivity to the water vapor of the
ground layer of the atmosphere, and by wn the actual thickness of
a layer of precipitated water vapor, the ratio will characterize
the reduction in absorptivity of water vapor with altitude. Data
on the relative change in the effective thickness of layers of
water vapor and carbon dioxide depending on altitude above sea
level are presented in Table 2.6.

According to the data in Table 7 (see Appendix), for water
vapor the function f(H) is approximated with sufficient precision
by the equation

Weff/Wn = e-0.0654 H , whence
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TABLE 2.6.

Altitude IeffA.n- Altitude Weff/Wn
H - "'1

a HO CO, HO CO,

0 1,000 1.000 3050 0.819 0.548
305 0.981 0.940 4575 - 0.739 0,404
610 0.961 0.883 6100 0,670 0.299
915 0.942 0.840 9150 0.552 0.168

1220 0.923 0.774 12200 0.441 0.085
1525 0.904 0.743 15250 0.348 0.042
1830 0.886 0.699 18300 0.272 0.020

S2135 0.869 0.660 21350 0.214 0.010
2440 0.852 0.620 24400 0.167 0.005
2745 0,835 0,580 27450 0.134 0.002

30500 0.105 0.001

Weff =  ne -0.06 54 H (2.15) /35

For carbon dioxide, it is approximated by the equation

Leff/LH = e-0.19 H

then
teff = LHe-0.19 H (2.16)

where LH is the distance at which radiation is propagated at
altitude H, and Leff the effective distance reduced for absorptiv-
ity to the ground layer.

Formulas (2.15) and (2.16) permit calculating, from the known
thickness of precipitated water vapors and the distance of propa-
gation of radiation at altitude H, the effective values of the
indicated quantities reduced for absorptivity to the ground layer.
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CHAPTER 3. OPT'ICAL..SYSTEM 'OF ELECTRO-@PTICAL INSTRUMENTS OF
SSPACE VEHICLES

3.1. The Purpose and Characteristics of Optical Systems

Optical systems employed in on-board equipment of artificial
earth satellites and space ships are extremely varied in basic
circuits and design. They have a common basic purpose -- to /36
collect energy emitted or reflected by the object of observation
and, transforming it to an image or specific form of radiation
flux, to send it to a radiation receiver.

Photoresistors, bolometers, television tubes, photographic
materials, and other devices are used as receivers in on-board
eTLhdtroeoptical equipment. During recent years, visual optical
systems in which the observer's eye is the receiver of the radia-
tions are beginning to find employment on manned artificial earth
satellites. The properties and characteristics of the receivers,
just as the purpose of a given type of electro-optical equipment,
predetermine requirements for the optical system, for example, the
nature of conversion of the radiation flux, the necessary trans-
mission in a given region of the spectrum, the form and quality
of the image, and so forth. However, in their functional proper-
ties and volume of tasks accomplished with their aid, optical sys-
tems can be considered as independent devices possessing specific
characteristics.

Included among the basic tasks which are accomplished in
various types of on-board equipment with the use of optical
systems are:

-- Survey by means of the discrete or continuous scanning of
a specific part of space in which the object of search, reference
point, or subject of observation may be located;

-- Reproduction of the image of an object of observation in
a specific scale with the goal of its subsequent recording with
the use of photographic or television devices;

-- Provision of the required energy irradiance on the
surface of the sensitive element of the receiver;

-- Concentration of the radiation flux of artificial emitters,
for example, lasers or flash lamps;

-- Assuring the determination of angular coordinates and
range of the objects of observation.

Moreover, with the use of optical systems, one can accomplish
observation with variable magnification and with various fields of
view, the transmission of information between space ships and to
ground posts, signaling, and a number of other tasks.
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An estimate of the properties and qualities of optical
systems can be conducted successfully only with the use of a
number of special characteristics. The experience of optical
instrument manufacturing and the operation of optical and electro-
optical equipment provides the.grounds..for dividing all the
characteristics used for this into the following groups: overall
size, power, aberrational, and space-frequency or transmission.

Technical-economic and operational characteristics common
for instrument manufacture are used for an estimate of the quality, /37
dependability, and economy of the design formulation and the
effectiveness of the given equipment in the process of operation.

3.2. Scheme of an Optical System and Its Elements

Common to all optical systems is the fact that the basis of
each of them is made up of an aggregate of specific elements (lens,
prism, and others), the properties and mutual arrangement of which
predetermine the characteristics of a specific system. In design-
ing, when the structural parameters of the parts and units of the
optical system are still unknown, its equivalent scheme is construc-
ted. In the theory of optical systems, such a scheme is called
ideal because the basic principle of its construction is the con-
dition that it converts the aggregate of points, straight lines,
and planes of the space of objects into geometrically similar
aggregates of points, straight lines, and planes of the space of
images without introducing distortions into the structure of
refracted or reflected pencils of rays.

This condition is applicable to real optical systems only for
infinitely narrow pencils of rays which pass through the systems
at small angles of slope to the optical axis. With the passage
of broad pencils of rays, distortions or aberrations arise in the
position, geometric form, and coloring of the image in comparison
with the object. For an evaluation of the magnitude and character
of the aberrations which determine the quality of the image and
the degree of perfection of a real optical system, a similar ideal
system which possesses the very same parameters and which gives
an aberration-free image is used as a standard of comparison.
The method of replacing an actual system being designed by its
equivalent scheme permits calculating ahead of time the basic
optical characteristics of the apparatus being designed.

The equivalent scheme of an optical system also consists of
an aggregate of elements; however, they are not optical parts but
arbitrary planes and points which possess specific properties.

The basic elements of the scheme are the principal and focal
planes.
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The principal plane is the geometric locus of the points of
intersection of the pencils of rays incident to the system (lens,
non-planar mirror) and refracted by it. Thus, in its properties
it is seemingly equivalent to the action of a real optical system
for the passage of a pencil of rays through it. In the construc- /38
tion of an equivalent system, the optical system is given in the
form of two principal planes: front H and back H' (Fig. 3.1) in
which regard the principal plane H' determines the influence of
the system on the pencils of rays, for example pm, which go from
that part of space where the objects being observed or recorded
are arranged, and the principal plane H -- the influence on the
pencils of rays which go in the reverse direction, from that part
of space where the images of these objects are located.

A complex optical system con-
sisting of several simple ones
can be presented in the form of

P a corresponding series of pairs
of principal planes of its ele-

Si ments and two principal planes
0 F of the entire system which charac-

terize its overall influence on
the passing pencils of rays.

The points of intersection
of the principal planes with optical
axis 00' are called the principal

Fig. 3.1. Equivalent scheme points of the system. The front
of an optical system. principal point N corresponds to

the front principal plane H, and
the back principal point N' to the
back principal plane H'.

The principal planes and principal points permit accomplish-
ing the construction of rays which pass through the system without
consideration of their actual refraction on the surfaces of the
lenses or reflection from the mirror.

The focal plane is the geometric -locus of the points of inter-
section of a pencil of rays from an object refracted or reflected
by the system which is located so far away that the rays of the
incident pencil can be considered parallel.

The point of intersection of the focal plane with the optical
axis 00' is called the principal focus which is the point of inter-
section of a pencil of rays which have fallen on the system parallel
to the optical axis. Depending on the direction of the pencil of
rays, just as for the principal planes, the front and back focal
planes P and P' are distinguished and, respectively, the front and
back principal foci of the system F and F'.
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The sections between the principal points and the principal
foci are called the focal distances. The se tionN! F c -
is called the back focal distance and the section NF = f the front
focal distance. If the optical system is in a homogeneous environ-
ment, i.e., the refractive indices of the mediumin. front .of
and following the system are the same, the front and back focal
distances are equal.

The principal planes are arranged symmetrically to the real
refractive surfaces only with single biconvex or biconcave sym-
metrical lenses. In real systems, the front and back refractive
surfaces are at different distances from the respective front and
back principal points. Therefore, besides the focal distances,
it is necessary to determine the sections between the principal
focus and the corresponding front or back refractive (reflecting)
surface of the system. They are called the back foci or, respec- /39
tively, the front SF and back S'FI sections. The size of the back
section is a design parameter which determines the distance from
the back focal length of the plane to the last lens of the system.

For an estimate of the transverse dimensions of the system
and, in particular, the diameters of the greatest cross sections
which transmit the system of pencils of rays, the scheme is sup-
plemented with diaphragms.

With the passage of pencils of rays through the optical system,
their solid angles and cross sections are limited by openings in
the mountings of the optical parts and special screens installed
to cut off the fringe, spuri-bs ray. ' The mounts of these
openings are called diaphragms. The position and size of the
diaphragm determine the basic characteristics of the optical
system and influence the illumination and sharpness of the image.
Three types of diaphragms are distinguished: aperture, field, and
auxiliary. The latter is intended to eliminate bright spots and
haloes which arise with the incidence-of spurious rays in the system.

The operative or aperture diaphragm limits the solid angles
or the diameters of the cross sections of the pencils of rays
which go from objects located on- the optical axis (Fig. 3.2).
The area of the operative diaphragm Da determines the amount of
light which passes: through the system and is used for the creation
of the central portion of the image.

The image of an operative diaphragm in the space of objects
is the entrance pupil of the system. In real systems, if there
are no additional optical parts in front of the objective lens
in the form of mirrors or prisms, usually the operative diaphragm
and the entrance pupil coincide with the lens mount. The image
of diaphragm Da following the optical system in the space of
the images is the exit pupil.
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HH'

The diaphragm of the field of
Sview Df limits the inclined or
i tfield pencils of rays which go

o, wfrom the extra-axial objects and
which pass into the optical system
of the instrument. These pencils
of rays create the image of extra-
axial sections in the plane of the
image; therefore, the position,

Fig. 3.2. Diaphragms of an form, and size of this diaphragm
optical system. determine the form and size of

the field of view of the system.

To obtain sharply defined edges and increase the uniformity
of illumination of the image in real optical systems, the field
diaphragm is situated in the plane of the image. For example, /40
if a photomultiplier or photoelement is the radiation receiver,
the mount of its photocathode is the field.diaphragm.

3.3. Dimensional Characteristics

This group of characteristics determines the "optical dimen-
sions," i.e., the length of the system, light diameters of its
elements and their mutual disposition, and the degree of influence
on the pencils of rays passing through the system.

The basic characteristics of this group are: focal distance,
field of view, relative aperture, and resolution.

Moreover, depending on the purpose and basic scheme of the
instrument, this group of characteristics is supplemented or
some of them are replaced by equivalents. For example, for instru-
ments in which the image of an object observed by the eye or analyzed
by other methods is constructed with the use of optical systems, a
characteristic such as magnification is used. Instruments with
scanning devices which provide a survey of space beyond the limits
of the field of view of the basic optical system are characterized
by such parameters as viewing angle, instantaneous field-of-vision
angle, and so forth. However, all these values are derivatives of
the basic dimensional characteristics.

The focal distance f' causes magnification, scale of image,
and the optical power of the system.

Magnification determines in linear or angular measure how
many times the system reduces or magnifies the image in comparison
with the object. Two types of magnification are distinguished:
linear and angular.
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Linear magnification (8) is the name given to the ratio of
the linear dimensions of the image 1' to the linear dimensions 1
of the corresponding part of the object

m (3.1)

where 1/m is the linear scale of the image.

If we designate (Fig. 3.3) the distance from the front princi-
pal focus F to the object by x and from the back principal
focus F'to the image by x', then

x= f ' (3.2)

Angular magnification P /41
determines the capability of
the optical system to change
the direction of the rays pas-

H H' sing through it:

tanulr rr (3.3)

S , , where u and u' are the angles
U,' of slope of the rays to the

optical axis before and after
the system, respectively.

The relation between the
Fig. 3.3. Diagram of the struc- angular and linear magnifica-
ture of an image in an equivalent tion can be found using Fig. 3.3.
scheme. Since tanu' = 1/f' and tanu =

= 1'/f, and considering that for
optical systems in a homogeneous

environment Ifl = If'J, we obtain r = (1/1')(f/f') = 1/8 or

r = 1 (3.4)

The optical power of the system ¢ equals:

S= ,(3.5)

Note. The sign of optical power, which is determined by the
sign of the focal distance, characterizes the capability of the
system to collect and scatter refracted (for mirrors, reflected)
pencils of rays. Systems with a positive optical power
are called collective, and with negative optical power, diffusive.
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The sign of the focal distance is taken as positive if it is read
off from the principal point along the course of the light rays
in the system.

For a compound optical system consisting of two simple ones,
the optical power will equal

T -'PYP+?2- d?12, (3.6)

where li, 2 are the optical power of each of the components, and
d is the distance between them.

The field of view determines that part of space which is
reproduced by the optical system within limits of the plane of
the image limited by the dimensions of the field diaphragm., From
Fig. 3.2, it follows that the angle of the field of view 2W is /42
determined from the relationship

D
tanW = T, (3.7)

where Df is the diameter of the field diaphram

If a single photoresistor or bolometer is used as a radiation
receiver in an electro-optical system,: it.-is. impossible -to obtain a
large field of view due to the small dimensions of the receiver's
sensitive element whose mount is the field diaphragm. In this
case, a scanning system is used which deflects the optical axis
of the objective lens within the limits of a specific angle (view-
ing angle). The elementary viewing angle'wi-llbe the
value 2WO, called the instantaneous field of vision angle.

The relative aperture (q) is calculated from the formula
D
I

q = r (3.8)

accepting approximately that the entrance pupil is combined with
the mount of the objective lens. Here D1 is the light (or operating)
diameter of the objective lens.

The theoretical limit of the value q is the relation q 5 1/0.5.
It can be found by accepting that with small values of the angle u'
(Fig. 3.3) sinu' , Da/ 2f'. Since the maximum value of sinu' _ 1,
consequently q 5 1:0.5. For the fastest objective lenses, the
value q lies within limits of 0.5-2.0.

Resolution (V) characterizes the possibilities of the optical
system to construct separately (or resolve) the images of individual
elements of the surface of an object or point objects which are
closely spaced, for example, stars. The higher the resolution,
the greater the information capacity and the higher the precision
of measurements or the aiming of the electro-optical equipment.
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The theoretical resolution of an optical system can be deter-
mined using the diffraction theory of the construction of an image.
If two luminous points S and S1 (Fig. 3.4) are located at a spe-
cific distance from each other, their image will have the appear-
ance not of points S' and S1 but of diffraction circles of con-
fusion, consisting of concentric dark and light rings (see Fig.
3.4 a). The distribution of irradiance within the limits
of such rings is presented in Fig. 3.4b, in which regard, in the
central portion the irradiance will be maximum. These
two images S' and Si can be detected separately with the use of /43
any analyzing system only under the condition where the distance
between their centers is not less than the radius rl of the first
dark ring. From the theory of diffraction [44], it is known that
this value equals

3.83 1
S q (3.9)

where A is the wavelength of the radiation for which the resolu-
tion is determined; 3.83 is the coefficient for the first dark ring.

The angular size of the

HI P, , radius of the first dark ring
s . or the minimum angle between

s the points being resolved at
, __ - 0 the limit in the plane of

the image S' and Si under the
condition that S + and

Ss' = f' is determined from
the expression

a)

too sine E = 3,83 1,22 (3.10)
so -f ' r-E D-1

60 where angle E is called the
4theoretical resolving angle.

M /. For optical systems
s' S i which operate in the visible

region of the spectrum, the
*l hmean value of wavelength

A = 0.55 Pm = 0.00055 mm.
In this regard

Fig. 3.4. The influence of dif-
fraction on the theoretical reso- 1.220.00055.2o50oo
lution of an optical system. D_
a. Course of refracted pencils of
rays and the appearance of the
image of two points with the 140 d/'e
presence of diffraction*; b. Dis- D 1 648000
tribution of irradiance
in the image of two points.
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If the same optical system is to operate in the near infrared /44
region, with X = 1 pm, the value of s will be twice as great.

The angle e is connected with resolution V by the relation

V=1 I- rad (3.11)
648000

The resolution of real optical systems is always less than the
theoretical, due to the influence of aberrations, defects in the
manufacture of the optical parts, and the quality of the assembly
and adjustment of the system.

3 .4. Energy Characteristics of an Optical System

The energy characteristics determine the properties of an
optical system as a converter of radiation flux.

The basic characteristics of this group are: transmission
coefficient, aperture ratio, and irradiance in the plane
of the image of the optical system.

With the passage of radiation flux through an optical system,
losses in radiation energy arise due to reflection on the surfaces
of the optical parts and absorption in the metal mirror coatings
and in the optical material of the parts.

The transmission coefficient T characterizes the ratio of
radiation flux 4T which has passed through the system to the flux
D which falls on its entrance

(3.12)

The coefficients of reflection p and absorption 8 will equal,
respectively

= and p= (3.13)

where (p and Q4 are the values of energy'fluxes lost due to reflec-

tion and absorption, respectively.

The values of coefficients T, p, and B depend on the spectral
composition of the flux, the nature and quality of the surface of
the optical part, and the physical properties of its material.
Therefore, in a number of cases the spectral values of these
coefficients are used. The connection between the general T and
spectral T(X) transmission coefficients is expressed by the relation
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(3.14)

In accordance with (2.7), we obtain /45

I - (3.15)

where (D and DT(X) are the spectral values for the incident and
transmitted -fluxes respectively; l1, X2 are wavelengths which limit

the band of the spectrum under consideration.

Similar relations can also be obtained for the coefficients
p and 8.

The connection between coefficients T, p, and B is expressed
by the relation

T = 1 - (p + B) (3.15)

The coefficient of reflection for one surface of an optical part
can be determined from the formula

=(n--no (3.17)

where n and no are the refraction indices for the optical material
of the part and the .me-um-.,-yrespectively...,

If the optical part is in the air, then no = 1 and expression
(3.17) takes the form

(n - I)
(n + 1)2 (3.18)

Although the value of -p depends on the angle of incidence of
the rays on the refracting surface, with calculations of regular
optical systems, this is often disregarded due to the small angles
of slope to the optical axis.

For optical glass and quartz in the visible region of the
spectrum p = 0.04-0.06. For coated optics, the surface of whose
parts is coated with special films which reduce losses for reflec-
tion, the value of the coefficient p does not exceed 0.01-0.005.
For special optical materials which are employed in systems which
operate in the infrared region of the spectrum, the index of
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refraction is usually larger than with optical glass. For example,
with TBI crystals n = 2.2-2.46, with silver chloride, n = 2.06,
and with germanium crystals, n = 3.56-3.44. Therefore, in calcula-
tions of coefficient p (3.18), it is necessary to consider the
material of the part and the presence of a transmitting coating.

If there are a number of optical parts in the optical system,
with a:number of refracting surfaces equal to m, the transmission /46
coefficient T which considers losses for reflection alone will
equal

Tp = (1 - p)m (3.19)

During reflection from mirrors, losses will arise due to the
absorption of radiation energy in the metal coating layer. Table
3.1 presents the reflection coefficients for polished mirror coat-
ings used in ele Ctro-optical-equipment ..

TABLE 3.1.

Mirror Coating Reflection Coefficient

Visible Region Infrared Region

Gold 0.82-0.89 0.96-0.98
Silver (polished) 0.88-0.96 0.96-0.98
Chromium 0.60-0.70 0.75-0.80
Aluminum 0.65-0.75 0.80-0.85

By analogy with expression (3.19), the transmission coef-
ficient which considers energy losses only on the surface of
mirrors will equal

mm (3.20)
T m = pm

where mm is the number of mirrors.

The absorption of radiation energy in optical material is
determined by the expression

'p=e-Pr=rr, J (3.21)

where ~ is the transmission coefficient which considers only
losses by absorption; TO is the specific coefficient of trans-
parency per unit of thickness, and I is the thickness of the
optical material.
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In calculations, 1 cm is taken as the unit of thickness of
a layer of optical material. The value of TO for optical glass
is taken as 0.01 per centimeter. For optical materials which
are used in the infrared region of the spectrum, the value of
TO is taken from reference literature [71.

Thus, the general transmission coefficient of an optical
system equals

T = TpTmT or

T = (1-p)mpmmT (3.22)

For a system with coated parts of optical glass or quartz /47
which operate in the visible region of the spectrum, the formula
for the calculation of the transmission coefficient takes the form

T = 0.99m0.991pmm

Since the overall quantity of radiation energy which enters
the system is determined by the area of the entrance pupil and is
inversely proportional to the square of the focal length of the
objective lens, for the determination of the relative aperture
(H) we use the-relation

H = T(D entr pup. ) (323)

In calculations, the diameter of the entrance pupil is often
used which is equal to the diameter of the objective lens; then

H = Tq2  (3.24)

Since the value of T is inversely proportional to the number
of lenses and their thickness, in the use of multi-lens systemswith
a large relative aperture, the effective relative aperfure-may be
equal to or even less than that of simple systems with a small
number of lenses and a smaller relative aperture.

The irradiance of -the...image (E') depends on the
ratio of the radiation flux d1 which emerged from an elementary
area of the surface of the object and passed through the optical
system to the corresponding elementary area AA' of the surface of
the image. The magnitude of the irradiance and its
distribution over the surface of the image determine the pos-
sibility of its recording with the use of photoelectric or other
radiation receivers.

For the calculation of the irradiance -in-the center
of image El we present an optical system (Fig. 3.5) with entrance
M and exit M' pupils. Suppose that the plane of object A whose /48
central section is designated AA has uniform energy brightness B..
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The elementary flux dD which

F falls on the entrance pupil

S A4dwithin the limits of the solid
4d angle dw at angle i to the

b- optical axis equals

&d=BAA cosid.. (3.25)

Since dw = sin idid4, the total

Fig. 3.5. For the derivation of flux will equal

the dependence of irradiance on
the dimension. characteristics = BAAsinIcoslddp. (326)
of an optical system. i- (3.26)

Carrying the constant values B and AA outside the integral
sign and performing the integration within the indicated limits,
we obtain

iD=-tBAAsin2 a. i
(3.27)

For the transition to the plane of the image we use the known

[38] invariant nl sinu = n'i' sinu' where i and 1' are the linear

dimensions of the corresponding elements of the object and its

image, and n and n' the refraction indices of the environment

before and after the system, respectively. Moreover, from geo-
metric considerations, it is clear that AA'/AA = i'/i2. Then

AA sin n  n 2 AA sin' -u'.

Usually, n' = n = 1, therefore expression (3.27) takes the form

O==.BAA' sin 2n.

In accordance with (3.13), flux ' which has passed through

the optical system equals ' = T(; consequently

'= BAA'sina,. (3.28)

The irradiance of the central area of the image-will equal
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'Eo= , nBrsin'. (3.29)

The value sin 2u' is called the numerical aperture of the
optical system.

If the image is in the focal plane of the objective lens,
which corresponds to the removal of the object aldistance equal
to or greater than practical infinity, then, taking the condition
sinu' n, tanu' for small values of angle u' and considering that /49
for the objective lens its light diameter DI equals approximately
the diameters of the entrance and exit pupils, we obtain

sin u'
2f' 9

Thus, the final relation for the. calculation.. of irradiance
in- the center-of --the p-lane of the- image takes the form

Eo- - = H.
4 ' 4 (3.30)

The obtained equation establishes the connection between the
irradiance -in the -ce.nt-e rof zthe ima-ge.. and t:he relative aperture
o:f- the system.. -

The irradiance decreases in proportion to removal
toward the edges of the plane of the image. If an elementary
radiation flux de' which falls within the limits of solid angle
do6 on the central element AS6 of plane P' of the image passes
through element dm' of the plane of the exit pupil M' (Fig. 3.6)
from (3.25) we have

AA (3.31)

A flux which falls on such an area AA which is located on
the edge of the plane of the image will accordingly equal

deA,= BAA'co s Wd.W'do'. ) (3.32)

Considering that dw'=d cos4W' and .E' de
woAA'r

we obtain
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EA,=E' ,cos W.
E o: (3.33)

Sdw This law of the change in
W_ irradiance over the plane of the

d° image is- valid: fo-r -systems with

dsmall- dimensions bof the entrance
wo apupil.

In regular optical systems /50
Fig. 3.6. For the derivation of with relatively large entrance
the dependence of irradiance on. pupils, the irradiance
the angle of slope of the pencil of each element of the image is
of rays. caused by radiation fluxes which

pass not only through the center
but also through all sections of the pupil of the system; therefore,
attenuation of irradiance toward the edges of the image will be
less intensive.

3.5. Aberration Characteristics

In the consideration of dimensional and energy characteristics
it was assumed that the optical system is ideal, i.e., in a specific
scale it provides an image similar to the object without any dis-
tortions introduced by the system itself.

The images obtained with the use of real optical systems differ
in geometric form, definition, and spectral composition from the
images created by equivalent ideal systems.

These distortions of errors of images are also called aber-
rations. To estimate the character and magnitudes of aberrations,
the corresponding aberration characteristics are used which are a
measure of the evaluation of the quality of the optical system.

Aberration characteristics determine the relation between:
-- the nature and amount of distortion of the image;
-- the conditions for the passage of pencils of rays which

create images through the system and the design parameters
of the optical parts of the system.

In planning, this permits obtaining the optimum parameters
of the optics which satisfy given requirements for image quality.

Depending on the nature of the arising of aberrations, they
are divided into monochromatic and chromatic.
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Monochromatic aberrations arise as a result of the differ-
ence in the conditions of the passage of rays of one wavelength
or frequency through an optical system at various heights and at
various angles relative to the optical axis. This type of aber-
rations causes a change in the geometric shape and dimensions of
the image of points, lines, and planes.

Chromatic aberrations arise as a consequence of the disper-
sion of rays of various wavelengths or frequencies in the material
of the optical parts. As a result of chromatic aberrations, the
coloring of the image arises which leads to a worsening of its
definition.

In designing or evaluating the quality of a specific model
of electro-optial equipment, in order .to..consider. the aberrations
alone which are inherent to a given system, they are divided into
axial and field. Axial aberrations arise with the image formation of
points in the space of objects, for example .stars, which are located/51
on the optical axis and cause the appearance of circles of confusion
of a specific diameter instead of point images in the center of the
image,s plane. Axial aberrations are most dangerous for optical
systems with small field-of-vision angles in which the object of
analysis or recording is the central portion of the image plane,
for example, in star-oriented electro-optical-instruments, and so
forth.

Field aberrations distort images of extra-axial points of
the space of objects embraced by the solid angle of the field of
view of the system.

To establish the connection with the parameters of the optical
system and its parts, monochromatic aberrations are divided into
five types: spherical, coma, astigmatism, curvature of the surface
of the image, and distortion.

Spherical aberration (Fig.
3.7) arises with the incidence

S'P' P~; of a broad pencil on a lens,
(the rays of which emerge from

,i point S of the object which
__ .... lies on the 00' optical axis.

As a result of the difference
in the angles of incidence on
the surface of the lens and

Ss rs • the refraction conditions in
it, the rays of the near-axis
(shown by the dashed line) and

Fig. 3.7. Spherical or aperture broad pencils (shown by the
aberration. solid lines) will intersect

with the axis at different
points SO and S'. As a result
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of spherical aberration, the image of point S will have the appear-
ance of a circle of confusion whose diameter changes depending on
the locus of the cross section of the pencil within limits of
the segment 6s' = SOS'. The least diameter of 2p' will be in plane
P' removed from plane PO by a distance of approximately 0.756s'.
Plane P' is called the plane of least scatter with which the
attempt is made to match the surface of the radiation receiver in
adjusting the optical system. The distance 6s' within the limits
of which the points of intersection of the pencil with the axis
of refracted rays are disposed is called the longitudinal spherical
aberration. It is read from point S6; therefore, for a positive
lens (see Fig. 3.7), it has a minus sign. The value rp is called
the transverse spherical aberration. It is obvious that rp =
6s' tanu'. With the removal of point S to distance s = -, plane /52
P' is matched with the back focal plane of the system and s' = f'.
Then the value 6s' = 6f' will characterize the error in the position
of the focus F' and its dispersion depends on the change in angles
u or u'. In accordance with the theory of monochromatic aberrations
[43, 44], the value of the radius of the circle of confusion of a
simple lens can be expressed approximately by the relation

S h SI, (3.34)

where Sl = (ri;ni;di;Si ) is the coefficient of spherical aberration;
ri;d i and ni are the radius of curvature, thickness, and refraction
index of the lens material, respectively; si are relative spacings
of the lens components; h is the height of the outmost ray equal to
half the diameter of the entrance pupil.

Equation (3.34) shows that with given dimensional characteris-
tics (Dentr.pup. = diameter of entrance pupil and f') it is necessary

to so select the design parameters of the parts of the system that,
in reducing coefficient SI, the required value of the radius of
the circle of confusion is attained.

For a negative lens (Fig. 3.8a) and spherical mirror (Fig.
3.8b), the longitudinal spherical aberration has the reverse sign
in comparison with the aberration of a positive lens since the
focus FO is displaced relative to F' in the direction from which
the rays fall.

In calculating aspherical mirrors which have a parabolic or
elliptical shape of reflecting surface, it is necessary to include
in coefficient SI (3.34) additional parameters which characterize /53
the deviation of the mirror surface from a sphere. This permits
the more successful elimination of spherical aberration in using
aspherical mirrors.
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/ The different signs of
F Fo - "'L spherical aberration of posi-

- * tive and negative lenses and
mirrors permit using the aber-

V,/ ration compensation method,
, - i.e., the components of the

)) system are selected so that
their aberrations are approxi-

Fig. 3.8. Spherical aberrations. mately equal in magnitude but
a. Negative lens. b. Spherical have reverse signs.
mirror.

Spherical aberration is evaluated by the amount of longi-
tudinal spherical aberration 6f' or the circle of confusion rP
and the curve for change- is 6f' as _a, functi-on_ of the height
of incidence of the ray on the optical system (Fig. 3.9). To
illustrate the method of compensation, presented on the chart are
curves of aberrations of positive and negative lenses and the
resulting curve which characterizes the residual aberration of a
two-lens component.

Just as in the case of
spherical aberration, the reason

h ~ I for the arising of a coma (Fig.
S3.10) is the different condi-

I tions for the incidence and
I refraction of the central (dashed

line) and outermost (solid line)
rays. As a result, the con-
struction of a refracted pencil
becomes asymmetrical and in

S. plane P', instead of the image
? I of a point, a spot of scatter

is created (with a shape like
a drop) whose pointed end is
elongated in a direction toward

Fig. 3.9. Chart of the depen- the edge of the plane of the
dence of longitudinal spherical image. Figure 3.10 shows a
aberrations on the height of view of the plane of the image
incidence of rays on the surface with the presence of a coma.
of a lens. Shown in the center is a circle

of confusion 2p' caused by
spherical aberration. The coma is evaluated by the greatest longi- /54
tudinal dimension of the scatter figure (6g ) and the coma chart.

The value of 6g' is connected with the dimensional charac-
teristics and the design parameters of the system by the relation-
ship [44]:

3h2

6P= tanWSIT (3.35)
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where W is the angle of slope of
* - : the pencil to the optical axis of

the system; SI is the coefficient
of the coma which depends on the

Sdesign parameters and the mutual
position of the optical parts.

This equation shows that the
Fig. 3.10. Course of refracted coma worsens the quality along the
rays with the presence of coma edges of the image plane, especially
aberration. a. Construction in wide-angle systems. The value
of a refracted pencil of rays.
b. Image of extra-axial points
with a coma. k' h snW (3.36)

is called the measure of the coma k'. In the absence of a coma,
k' = 0. Therefore, in designing optical systems, the parameters
of their parts are calculated so that for all rays of inclined
pencils, Eq. (3.36) is equal or close to zero. The diagram of the
coma is constructed by analogy with the diagram of spherical
aberration, but the value k' is laid off along the abscissa and
the angle u' along the ordinate.

Astigmatism causes distuption of the symmetry of a pencil
refracted by a lens or reflected by a mirror and inclined by the
angle W whose rays lie in various planes which intersect along
the axis of the pencil 0"0"' As a result of the astigmatism, the
extra-axial points of the plane of the object (Fig. 3.11) are
depicted in the form of two mutually perpendicular lines which
lie across the 0"0"' axis of the refracted (reflected) pencil at
a distance of 6s"= FF.

Astigmatism arises from
the fact that the rays which
lie in one plane, for example
f t 0w fS, will be refracted (or re-

F flected) when falling on a
spherical surface differently

U! ~o from rays which lie in another
. plane, for example M, because

0 A M of the difference in curvature
s' of the cross sections formed /55

where the surface of the
sphere is intersected by these
planes. Astigmatism is evalu-

Fig. 3.11. Diagram of a refracted ated by the astigmatic differ-
ence 6s' and the transverse

pencil of rays with the astigmatism he er
aberration. dimensions of.the scatter fig-

ure 6gA formed by a point of the

54



object in the focal plane. For a simple lens, this
value equals approximately 6g. = tan2WS I where SIII is the

astigmatism coefficient which depends on the design parameters
of the system. Since astigmatism is a field aberration, its
diagram (Fig. 3.12) is constructed depending on the angle of the
field of view W. Curves XS and XM are the geometric locus of
astigmatic foci F and F', and the distance between them along
the horizontal characterizes the value 6sA = (W).

If the design para-
meters of the system are

W, selected so as to eliminate

_5 , , / astigmatism, i.e., 6sA =
-  mj = 0, the aberration of

S-z the surface curvature
W : arises, as a result of

which the geometric locus
S -of point images will be a

-- * W b I surface with curvature 1/R
(see Fig. 3.12b). As a

a) 5) result, instead of point
images scatter diagrams

Fig. 3.12. Diagrams of aberrations gcur.surf. will be cre-
inclined toward the axis of pencils ated on the plane surface
of rays: a. astigmatism; b. surface of the radiation receiver

rvatu-re of. -i-mage 5n -elimination matched with the focal
of astigmatism;.c. diaphragm for-a plane. The value of 1/R
two-component optical system cor- can be found from the
rected for astigmatism.and image equation
surface curvature.

(3.37)

where $4 are the optical powers o.f the system's components., and k
is the number of components.

These two aberrations are eliminated simultaneously /56
by selecting the characteristics of the components so that their
astigmatic differences and curvature of the image .mutually compen-
sate each other (see Fig. 3.129).

Dispersion causes distortion of the scale of the image as a
result of the disruption of the constancy of the linear magnifica-
tion over the plane of the image. As a result of the dispersion,
the object, for example in the form of a square, is depicted in
the form of a barrel-shape, or pin-cushion shape. Since the
amount of distortion is proportional to tan 3 W, it is most dangerous
for wide-angle lenses. The measure of distortion is the value:
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V To (3.38)
To To

where YO and yW are the linear magnifications in the center and
on the edge of the plane of the image, respectively.

The distortion diagram is constructed in the form of the
relationship V = p(W). Distortion is eliminated by methods of
selecting parameters and mutual compensation.

Chromatic aberrations are divided into chromatic aberration
of position and chromatism of magnification.

Chromatic aberration
of position arises as a
result of the dispersion

, of rays in the optical
SP '  material of the lens. In

this, the pencil of rays
P .. of complex spectral compo-

2 sition following the lens
(Fig. 3.13) is separated
into components and instead
of one focus F', a number
of foci arise for rays of

a) b ) corresponding wavelengths.
Since the refraction index
of optical material is

Fig. 3.13. Chromatic aberrations: inversely proportional to
a. positive lens; b. negative lens. the radiation wavelengths,

rays with the smallest
wavelength are refracted most intensively and vice versa. If, for
example, the spectrum of an incident pencil lies in the visible
region, Fi 1 will be the focus for violet rays, and F1 2 for longer-

wave rays', i.e., red. This aberration is axial since it distorts /57
the image in the center of the plane of images.

The distance 6f'hr = F 1 - F 2 within the limits of which the

foci are located and, consequently, also the corresponding focal
planes of a chromatic pencil of rays is called the chromatic aber-
ration of position. From the diagram of the path of the rays (see
Fig. 3.13), it can be seen that

6fhr (3.39)

i.e., for positive lenses this value has a negative sign, and for
negative lenses a positive sign.
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The dependence of 6fchr on the dimensional and design para-

meters of the system is expressed by the equation [38]:

1-m
_2 'V 1 (3 .4 0)

chr )V (3.LI)i-!

where hi is the height of incidence of a ray on a given lens; vi
is the dispersion coefficient of the lens material; m is the number
of lenses in the system.

The value of the dispersion coefficient is expressed by the
formula

n--I

dn (3.41)

where dn = nx - nk 2 is the difference in the refraction indices
of the optical material for the extreme wavelengths.

Accepting that hi = h2 = ... = hm, from (3.40) we obtain

6f = f'2 1 i (3.42)

Thus, for the achromatization of the system, i.e., the elimina-
tion of the chromatism of the position of the focus, it is neces-
sary to so select the optical materials and values of i of the
components that the sum

i -

For example, the condition of complete achromatization for a
two-lens objective consisting of a positive and negative lens
will have the appearance

VI V2

Chromatic aberration of position is often characterized by a
circle of confusion 2 p'hr (see Fig. 3.13a) which arises in the /58
plane of the image. TRe value of 2 Pchr depends on the position
of the plane of the image within limits of 6f'hr and has a minimum

value in the plane Pt, called the plane of least scatter, equal to

2p' 0.786f' logu'chr min chr
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In the alignment of the system with this plane, usually the
surface of the radiation receiver is matched. With the use of a
single photoresistor with a diameter of the operating surface
of ds as a receiver, the initial condition for achromatization
will be 2 Pchr 5 ds . Substituting in (3.42) the value f' given

by the technical specifications, and considering that tanu' depends
on the relative aperture of the objective lens tanu' = Dob/f', we
obtain the achromatization condition

df 2 hr mi; 2d-sf' 'and
'hu 0,75tgu' 0,75Db

y i = 2d.6b,
v1 0,75Db

The diagram of chromatic aberration of position is constructed
similar to the diagram of spherical aberration, but for values of
wavelengths: two extreme Xl, X2 and average X. The distance along
the horizontal between these curves provides the value of df'chr
as a function of the -height of incidence -of a ray on'the lens.
For objective lenses of photographic systems, the diagrams of
chromatic aberration (Fig. 3.14) are constructed as the function
6fh = (), which provides the most graphic impression for
eva uating the degree of achromatization.

I /4 With the transmission
of the rays which go from

c extra-axial points (Fig.
D 3.15), as a result of dis-
- persion, chromatism of

magnification arises which
_ ___ consists of the fact that /59

-4 -2 0 2 45 chi images 11l and 12 of object

Fig. 3.14. Diagram of chromatic 1 have different magnifica-
aberration depending on wavelength, tion. This field chromatic

aberration is also maintained
in the case where chromatism
of position is eliminated.

0_0 1 Chromatism of magnifica-
/ hr - tion of an optical system

is reduced by the appro-
priate selection of the
types of optical materials

Fig. 3.15. Chromatic aberration and the design parameters
of magnification of the parts of the system.
of magnification5

58



Monochromatic and chromatic aberrations also arise with the
passage of convergent rays inclined toward the optical axis through
prisms and plane-parallel plates. The basic parameter which influ-
ences the amount of aberration is the thickness d of the plate or
prism. For example, the circle of confusion of a spherical (aper-
ture) aberration equals

6gt _ d n2-' I
sph 2 \ na

where n' is the index of refraction of the material of the prism;
W is the angle of slope to the axis of the pencil of rays.

In this case, the chromatic aberration of position equals

6f' = d(n- ).
chr A n 2V

Therefore, aberrations are considered only for prisms and plates
having considerable thickness and standing in sloping, convergent,
or divergent pencils of rays.

In addition to aberrations, the quality of image is also
influenced by defects in the manufacture of optical parts and the
precision of their placement in the design position. The basic
criterion for estimating the quality of the image, which deter-
mines the requirements for residual aberrations and tolerances
for manufacture and assembly, is the linear or angular resolution
of the radiation receiver which operates with a given optical
system. For example, if a single photoresistor or a mosaic of
several with a specific diameter of the sensitive element is used
as the receiver, the circle of confusion of allowable total aber-
ration should have a smaller or equal diameter. Similar require-
ments are also put forth in the use of other receivers, for example
photo materials where the limit of the dimensions of the circle of
confusion is determined by the grain of the emulsion.

3.6. Transmission Characteristics of an Optical System

For the evaluation of the quality of optical systems of on-
board electro-optical equipment,. the method of space-frequency-
transmission functions is widely used. .This method permits -
e-aluatingt..he:resolutoion of an optical system depending on the /60
degree and character of change in contrast properties, luminance,
and other parameters .of,,the object.

The quality of an image created by an.optical system is
determined in this case with the aid of special functions which
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connect the contrast properties of the object and its image depend-
ing on the characteristics of the optical system.

Suppose that an object possessing a specific distribution of
luminance over its surface is given by the function B(x,y) (Fig.
3.16). The field of luminance of the object can be presented in
the form of a set of sine .functions, each of which ischaracterized
by amplitude and spatial' frequency, i....e., by a .value. inverse to
the period of -a given' harmonic.

In an ideal system, one
point in the plane of the image
with coordinates x, y will cor-
respond to each point of the

B(- _ ) object with coordinates x0 , YO.

In actual systems, as a
result of the influence of dis-

x persion, monochromatic aber-
- -" 1- 1 rations, and other reasons, the

y/ image of a point has the form
of a scatter figure with a
specific distribution of

Fig. 3.16. Spatial distribution irradiance-over its surface.
of luminance over the surface of This distribution is called
an object. the scattering function of a

point or, after normalization,
the function of the weight of the optical system. In this case,
normalization consists of the fact that the integral of the scat-
tering function H(x',y') is equated to unity:

SSH y')dx' dy= 1 (3.4 3)

If we accept that in the central portion of the plane of the image
the scatter figure is determined only by axial aberrations and its
form and dimensions change little, the image of any point of the
object can be presented by the function H(x' - xo, y' - ByO ) where
g is the linear magnification of the system. Substituting Bx0 = x
and By0 = y, we obtain the expression for the scattering function
within the limits of the section of the plane of the image H(x-x,
y'-y) considered.

In this, the distribution of irradiance E,-(x', y')
in the plane of the image will be expressed by the relation

E (x', Y')=SS B(xY)H(x' -x, - y)dxdy. (3 .44)
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Thus, the (resultant .integral of. the- convolution of .these two, /61
functions shows that the distribution of irradiance of
the image with a given change in brightness of the Object B(x,y)
is determined by the aggregate of the scattering functions of
each point of the image.

Transformation of the Fourier function E(x',y') permits obtain-
ing the frequency spectrum E(v,,v2 ) of the distribution of the
irradiance of the image:

e (1' 2)=.I E(x',y')e -l-)e~ = "* d'dy - (3.45)

In this expression, vl ;and v2 are spatial frequencies along
the X and Y axes, i.e.,

1 1v = and v =
1 = 2 n

where and n are the periods of the first harmonics along the
corresponding axes.

Substituting variables X = x'-x and Y = y'-y and transforming
expression (3.45), we obtain

(Vi 2)?S B (x, y) e-2(xvz+Yvs) dxdy X
S-- (3.46)

SSSH (XY) e-2=i(Xv') dXdY.

Expression (3.46) shows that the frequency spectrumrof the
distribution of irradiance in the plane of the image
equals the transformation of the Fourier function of the distribu-
tion of luminance of the object and the scattering function (weight
function) of the optical system.

Introducing abbreviated designations for two terms of the
right side, expression (3.46) can be rewritten in the form

(V1 , V2)==b (vl, v h (v1 v). (3.47)

Function b(vl,v 2 ) is called the space-frequency characteristic
(SFC) of the distribution of the object's luminance. The function
h(vl,v2), which determines the influence of the optical system on
the change of the space-frequency spectrum of the object in the
process of creation of the image, is called the complex space-
frequency transmission function of the optical system.
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From (3.47), it follows that the transmission function of
an optical system can be obtained as the relation of frequency /62
spectra of irradiance of the image and .he .luminance of the
object:

b (v, ,2) (3.48)

The determination of function b(vl,v2 ) for actual objects
and its calculation is a difficult task since a spatial spectrum
should be selected as the object which would contain a set of all
frequencies transmitted by the optical system. Therefore, one of
the methods of calculating the transmission function of an optical
system is the use of a point emitter which possesses the properties
of a delta-function, the space-frequency characteristic of which
is constant and equals

b(vl,v 2 ) = 1

This means that the spectrum of such a source contains a
set of all frequencies of the same amplitude. In this, the trans-
mission function can be calculated or determined experimentally
in the form

h (v, v2)= (V, V2), 1
(3.49)

where ET(Vl,V 2 ) is the frequency spectrum of the distribution of
irradiance in a scatt:er spot from the point source or a Fourier
transform of the-weight function.

Function h(vl,v 2 ) is complex. Its modulus Ih(v 1 ,v2 ) is called
the modulation transmission function of the optical sys em.l The
initial value for the determination of the modulation transmission
function is the scattering function which characterizes the distribu-
tion of irradiancer and-the .. e~oit -ryof- -the e-ircle- of ..confusion in
the, form of which-eachp:oint of the ob;jezct .is, portrayed. This
permits- the- most comp.lete :evaluat-ion of theinfluencae of dimensional,
energyi-and-aberration characteri.stics, of.-a given optical system on
the/rquality of the.,image which it-creates.

Let us present an example which shows the influence of the
modulation transmission function on the change in the contrast-
frequency spectrum. Suppose that the distribution of luminance
over the plane of the object along the X axis has the form of a
sine function wit.h a: :&nstant .compbnent.

1 In the literature, this value is also called the amplitude-space-
frequency characteristic (ASFC) or contrast-frequency characteristic.
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B (x)= B B, sin 2nvtx.

The modulation transmission function h(v.) is given by the
graph (Fig. 3.17). If this function is normalized, i.e., the
transmission factor for a constant component B0 equals one, the /63
distribution of iradiance in the plane:..o:f .the -image of the
optical system will be expressed by the relation

E(4)=Bo+ h(vi)Bi sin 2nvix.i (3.50)

The contrast in the plane
of the object k0 and in the
plane of the image ki is expressed
by the known relationships

1.0-

ko B ax B+f (3.51)

max-mn

Using expressions (3.50)
and (3.51) and Fig. 3.18, weFig. 3.17. Graph of the relation51) and Fig. 3.18, we

for the transmission function of obtain

an optical system.

Bih (vi)

A(aJ.xJ o* Bo

B(xi
B.xx), h(vJ1 "

BO and consequently

vi = koh(v i )  (3.52)

Formula (3.52) was obtained
for one spatial frequency.

X1- X In the general form with con-
a sideration of the functional

Fig. 3.18. Graph of the change dependence of ki and k0 on vl

in luminance or irradiance along and v2
the axis. k(v, )

v, V2) (;,vi) h (v,, v.). ( 3.5 2 a )

Thus, the image contrast can be determined knowing the con-
trast in the plane of the object and the value of the modulation
transmission function of the optical system.
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3.7. Classification of Optical Systems /64

Optical systems are divided into several groups depending on
the purpose, schematic diagram, and special features of the device.

If the change in the convergence of the pencil of rays which
passes through the system is accomplished with the use of a lens,
the system is called a lens system. A system in which spherical
or aspherical mirrors are used for this purpose is called a mirror
system. If parts with refracting or reflecting surfaces are used
simultaneously in an optical system, i.e., lenses and mirrors, the
system is called a mirror-lens system.

Depending on the magnitude and sign of the optical power,
three groups of optical systems are distinguished: positive, nega-
tive, and afocal.

Positive systems which have an optical power greater than zero
press the pencil of rays passing through the system toward the
optical axis and create a real image of the object at the exit from
the system. Objective lenses are typical examples of such systems.
Negative systems which have an optical power less than zero deflect
the pencils of rays which pass through them-from the optical axis
and create virtual images of the objects.

A virtual image can be constructed graphically (or analytically),
extending the lines of direction of the rays which diverge after the
negative system to their mutual intersection.

Negative systems are used individually only for the solution
of particular problems, for example, to expand a cone of rays to
fill the entire area of a radiation emitter. Usually, negative
systems are connected with positive ones to compensate for aber-
rations.

Afocal optical systems are systems which have an optical power
equal to zero, i.e., with an infinitely large focal length. Afocal
systems do not change the form (convergence) of the pencils of rays
which pass through them but, depending on the multiplicity factor,
theyaccordingly increase or decrease their diameter and angle of
slope to the axis. Typical examples of such systems are telescopic
systems.

Depending on the purpose and schematic diagram, optical sys-
tems can be projection, telescopic, collimator, and so forth.

Projection optical systems create actual images of observed
objects or emitters in the plane of the image with which the sur-
face of the sensitive element of the radiation receiver is usually
combined. The basic type of projection systems in on-board equip-
ment of an artificial earth satellite and space ship are lens and
mirror objectives.
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Telescopic systems form the basis of all types of observa-
tion instruments including the sights of manned earth satellites. /65
Recently, telescopic systems have begun to be used to change the
transverse cross section of laser rays in on-board optical loca-
tion equipment.

Collimator systems serve for matching the image of scales,
sights, or sighting markers with the field of view of the obser-
vation or photographic system. Collimators find wide employment
in control-and-adjustment and checking equipment.

Besides the enumerated basic types of optical systems, other
types of optical systems are also beginning to find application
in the special instrumentation of artificial earth satellites
and space ships, for example, of fiber optics, spectral optics,
and so forth.

3.8. Lens Systems

Lens systems are divided into simple and compund. A simple
system consists of two or three lenses. Compound systems often
contain several dozen lenses. Lenses (Fig. 3.19) are usually
distinguished by the shape of their refracting surfaces. Spherical,
aspherical, and cylindrical lenses are employed most often. Because
of the different curvature along the XX and YY axes, a cylindrical
lens (Fig. 3.-20) creates the image of a point object in the form of
a line perpendicular to the plane of the cross section of greatest
curvature.

-2 In determining the parameters
of a lens, at the first stage of
the calculation its thickness is

• usually disregarded and the radii
of curvature are calculated for a/66
so-called "thin" lens. After
obtaining satisfactory results,

.- the design and aberration charac-
S. 6 teristics are finally calculated

with consideration of the thick-
ness of the cylindrical lens.

A thin lens (Fig. 3.21) is
characterized by five basic para-
meters: focal length, light diameter,
two radii of curvature, and the
refraction index of the optical
material. Taking the thickness

Fig. 3.19. Types of lenses. of the lens d = 0, we unambiguously
give the position of its principal
planes which coincide in this case
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with the apexes of the refracting
x F, surfaces.

From physical optics it is
known that if a lens is in a homo-
geneous medium, for example
in air, i.e., nl = n3 = 1 and n2 =
= n, then

11 n3 1 1.53)
Fig. 3.20. Cylindrical lens. (n- r2 ) (3.53)

where s' and s are the distances

r J7. to the image and the object, respec-
'tively.

- * o' Equation (3.53) is called the
equation of a thin lens. It permits
determining the position of an image

-s d 5 with known lens parameters or solv-
ing the inverse problem for the

Fig. 3.21. For the derivation determination of the lens parameters
of the equation of a thin lens depending on the required distanceof the equation of a thin lens. to the image plane. Setting s = -,

Eq. (3.53) permits determining the
focal length of the lens

1 , -r
f! =(n- 1 r2 1

or
fo r1r2

(n--)(r2-r) 
(3.54)

With the equality of the refraction indices before and after the
lens, the front and back focal lengths are equal but have different
signs.

If we accept that air is in front of and behind the lens and /67
the refraction index of the optical material of the lens equals n,
then for the back focal length of the first surface f' and the
front focal length of the second surface f2 , we will ave

f nrnrn-- nr-
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Two refracting surfaces which limit the lens are located at
distance d (see Fig. 3.21) from each other and comprise a complex
system whose optical interval A, i.e., the distance between Fi and
F2 with consideration of signs, will equal A = d + f2 - fl'

Substituting the values fl and f2 , we obtain

A-n (r- ro + (n- 1)n-1 (3.55)

The focal length of a ompound sys.tem will equal

44 nrli2

A (n- 1)[n(r 2-r1)+(n-1)d] (3.56)

Expressing in (3.56) the radii of curvature Pl = 1/rl and p2 = 1/r2,
we find a simple formula for the optical power of a lens of finite
thickness

=  (n -  - )+  n d(3.57)

Calculation in accordance with the obtained formula provides
the value of the optical power in diopters if the radii of curvature
are expressed in meters.

Most often, the lens systems in electro-optical on-board
ment accomplish the functions of objectives and condensers.

The objective is the lens system which, in the overall scheme
of the instrument, is disposed closer to the object than the other
lens parts and units. In accordance with the number of lenses,
objectives are divided into two-lens.(glued and unglued), three-
lens, and multilens.

For a wide-angle objective, the main characteristic is the
angle of the field of view (in some models, it equals 20.88.10-2
rad or more). Wide-angle objectives are used in photographic and
television cameras to obtain images of extended terrain sectors.

Wide-angle objectives have small focal lengths up to 200-300 mm
with a relative aperture of no more than 1/3 - 1/4.

Lon4-focus objectives possessing a small field-of-vision angle/68
(-8.7.10"  - 17.4.10-2 rad) with a relative aperture less than 1/5 -
1/6 form an image of an object with large linear magnification,
which permits obtaining its small-scale image. According to design,
long-focus objectives are divided into regular and telephoto.
A regular long-focus lens objective has a length of housing which
is approximately equal to its back focal length; therefore, with
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the use of such an objective, the dimensions of the apparatus
increase sharply. A telephoto objective, consisting of two lens
components, positive and negative (Fig. 3.22), is distinguished
by the fact that its back principal plane is moved forward, into
the space of the objects; therefore, the length of its housing
is two or three times shorter with the same focal length as with
a similar long-focus objective.

'- -The group of fast objectives
is made up of compound multilens
objectives having a relative aper-

' ture of at least 1/2 - 1/2.5, i.e.,
possessing a large entrance pupil
with comparatively small focal
lengths.

Fig. 3.22. Diagram of a tele- In electro-optical equipment,
photo lens. where radiation flux modulators

or screens installed in the back
focal plane of the objective are employed, a condenser is usually
located directly behind the focal plane of the objective in front
of the receiver.

If the receiver is disposed at distance s' from the focal
plane P' of the objective (Fig. 3.23a), with its transverse dimen-
sions AB, a radiation flux will fall on its surfaces from element
As' of the image within the limits of solid angle 2u0 . If a con-
denser with light diameter Dc is placed between the radiation source,
in this case element AA', and the receiver, the solid angle of the /69
effectively used radiation flux will be increased to value 2u.(Fig.
3.22b). As a result, the irradiance of the surface of
the receiver will be proportionally greater. Using expression (3.23)
without consideration of losses in the condenser, i.e., T = 0, we
obtain for the cases being considered the equations

Fo==BA Asin' uo

F==aBAAsinU,

where B is the luminance of the element AA.

Since the irradiance i-s proportional to the relation-
ship F/Ar where Ar is the area of the receiver, the degree of
intensification of irradiance with the use of-a condenser
is determined by the relation

E sind-i

E in (3.58)
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A single-lens condenser
*'provides a sufficiently uniform

-= -irradiance of small

areas of the receiver with a
1) ,size of aperture angle of 2u up

to 60.9-10-3 - 78.3.10-3 rad

A ( 3 5 0- 4 5 0). A symmetrical two-

ulens condenser whose lens arrange-
ment is shown in Fig. 3.23b is

b employed more often. Such a
condenser permits obtaining an
aperture angle up to 104.40-

Fig. 3.23. Diagram of -the path 95.70 rads (550-600).
of rays: a. without condenser;

b. with condenser. Lens systems are usually

used in electro-optical equip-

ment intended for operation in the visible region of the spectrum,
since, in this case, optical glass can be used for the lens material.

3.9. Mirror and Mirror-Lens Systems

Mirror and mirror lens systems are usually used in eie6tro-

optical equipment as objectives. .Their basic advantages over lens

objectives with similar parameters are higher lens speed and the

absence of chromatic aberrations at the mirrors which are the

main optical parts of such systems. In addition, mirror objectives

do not contain refracting parts; therefore, they are convenient

for use in the infrared or ultraviolet regions of the spectrum.

The shortcomings of mirror and mirror-lens systems which limit

their employment are difficulty in manufacture, especially aspherical

mirrors, increase in the construction dimensfons and complication

of adjustment in comparison with lens systems, and also the neces-

sity of using protective glass for hermetic sealing in individual /70

cases.

The mirror objective (Fig. 3.24) consists of two mirrors,

primary 1 and secondary 2. The light diameter of the primary mirror

determines the relative aperture of the objective. The secondary

mirror serves to change the convergence of a pencil of rays refracted

by the primary mirror. The rear side of the secondary mirror dia-

phragms the area of the light aperture of the- primary mirror; there-

fore, the area Al of the effective aperture of the objective is

computed from the formula:
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where D2 is the diameter of the secondary mirror.

In this, the speed of the
mirror objective will equal

H,.. (D-D)), (3-59)
-

f'2

where Tm is the coefficient which
determines the value of the light

Sflux reflected from the surface of
the mirror; q is the relative aper-
ture of the objective.

B,

The size of the focal distance
of the objective f' depends on the

d form of the mirror surfaces and the
_ _ I distance d between the apexes of

the mirrors. The focal length can
Fig. 3.24. Diagram of a mirror be found graphically by extending
objective. the line of direction of a ray

which has passed through the objec-
tive to the intersection with the incident ray and constructing the
back principal plane H'. Since segment N'F' = f' and N'K' = D1/2 ,
then f' = D1 /2tanu' where u' is the angle of the aperture ray with
its optical axis after the objective. If the size of the secondary
mirror is so selected that it does not cut off the aperture rays
which have passed through the primary mirror, then in the absence
of additional diaphragms, the plane of the entrance pupil coincides
with the edges of the primary mirror, and its diameter Dentr.pup.

= Dl. The angle of the field of view 2W depends on the focal length
and the transverse cross section 1 of the field diaphragm. For
example, if a photomultiplier, the diameter of whose photocathode
is d c, is placed in the focal plane of the objective, the angle
of the field of view of the instrument will equal

d
tanW pc (3.60)2f'

Since the primary principal plane of the objective is carried /71
out into the space of objects, the mirror obj-ective is: similar
to a telephoto lens.

The shape of the surface and the curvature of the mirrors of
the objective depend on the requirements for the size of the focal
length and the residual aberrations. Since the spherical mirrors
provide comparatively large values of residual aberrations, one
of the mirrors is often made aspherical, in which regard an attempt
is made to so calculate the parameters of the objective that the
aberrations of the primary and secondary mirrors compensate each
other.
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The connection between the main parameters of the mirror
objective is established with the use of two coefficients

so So h2
(3.61)

so

where hI and h2 are the height of incidence of the ray on the
primary and secondary mirrors respectively; R1 is the radius of
curvature of the mirror surface along the optical axis [22].

Geometrically, coefficient a determines the position of the
secondary mirror relative to the primary one, and coefficient 5
the position of the back principal focus of the objective.

With the use of theowell-known formula for focal length of
a spherical mirror fl = R1/2 from (3.61) and the expression for
conjugate segments of a spherical mirror

S' 2R h (s+R)2
2s + R R (2s + R)2

we find the equation for the determination of the radius of curva-
ture of the secondary mirror

2 (- 1  (3.62)

The focal length of the objective will equal

S- I /R, (3.63)
o C 2 /

From geometric considerations, we find the size of the con-
jugate segments

R, i and s'- R
2 2a

The distance between the apexes-of the-mirrors will equal /72

71(3.64)
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Telemagnification of the mirror objective YT = f'/d is deter-
mined from expressions (3,63) and (3.64):

S(a -1) (3.65)
2: 2 a 1 (a 1)

The value of coefficient a usually lies within limits of 3-4
with consideration of the sign for a given type of mirror objective.
With a < 3, the quality of the image worsens as a result of the
increase in the irising action of the secondary. nirror. The
increase in a of more than 4 causes an increase in the dimensions
of the secondary mirror and its aspherical quality with a given
value of C. The coefficient C is usually within limits of 0.2-0.8.
The relations presented abouve permit calculating all basic dimen-
sional parameters of the objective. However, precise results are
obtained only for the paraxial region and they will be approximate
for wide pencils. The values of the obtained parameters are refined
with consideration of the aspherical quality of the mirrors.

Besides axially symmetric mirror systems having one axis of
symmetry which coincides with the optical axis of the system,
extra-axial aspherical systems, for example parabolic systems,
are beginning to find application in alectro-optical .equipment.
Characteristic of them is the fact that the axis of symmetry, for
example of a paraboloid of -revolution, :is Locatedin space non-
parallel with the optical axis of the system. This permits in-
creasing the geometric relative aperture, changing the shape of
the field of view giving it, for example, a concentric form, and
varying the design outlines of the instrument being planned.

Mirror objectives usually have mirrors with an external
reflecting layer applied to glass, metal, or plastic bases of the
required form, which reduces losses to reflection and lowers the
requirements for the precision of manufacture of the rear side
of the base. Thin films of gold, chromium, aluminum, rhodium,
and silver are used for the reflecting coatings. The selection
of the coating depends on the band of the spectrum in which the
objective should operate, on the design of the objective, and on
the technology of its manufacture. The greatest reflection coef-
ficient in the visible and near infrared regions of the spectrum
is possessed by silver (about 96-98%); however, a polished silver
surface darkens quickly. To eliminate the influence of atmospheric
moisture, silver coats are protected by a thin layer of transparent
protective film. Coatings of gold, aluminum, and chromium are more /73
stable but the reflection coefficients of such layers are usually
no more than 78-85%.

To increase the reflection coefficient of the mirrors in the
effective region of the spectrum, the protective films are applied
to their surface in the form of two- or three-layer coatings, so
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selecting the chemical composition and thickness of the film as to
obtain the maximum spectral coefficient of reflection in a given
region of the spectrum. This method is especially advantageous
in objectives intended for operation in the infrared region of
the spectrum in which additional filters are used to cut off
visible radiation. Figure 3.25 shows a curve which characterizes
the spectral coefficient of reflection of such a mirror covered
with a four-layer film.

An objective with such
mirrors in the infrared region,

Q-rel. units beginning with 0.9-1.0 pm, does
not require the employment of
an additional filter since all

08 radiations of the visible region
!- are absorbed by the interfer-

oence surface film.

0,? - The relative apertures of
o fast mirror objectives reach

2 0,4 ,8 1:1.1 - 1:0.8 with focal
lengths of 150-180 mm. With
a relative aperture of 1:1.4

Fig. 3.25. Spectral coefficient and a focal length of about
of reflection of a mirror coated 600 mm, the mirror objective
with a special film which absorbs permits obtaining a magnifica-
the visible region of the spectrum. tion of 5x - 7x with a field

of view of (5.22-8.7*10-2 )rad
(3-50). Wide-angle mirror

objectives with a field of view of 69.6.10- 2 rad (40-500) have
focal lengths of about 50 mm, in which regard the diameters of the
mirrors are usually: primary -- 200-220 mm and secondary -- 30-
35.mm.

To protect the internal cavities and reflecting surfaces
from the effect of the external environment, the mirror objectives
should have protective glass. If the protective glass is flat,
then in designing the objective only the increase in light losses
by reflection and absorption in the glass are considered. If the
design of the instrument requires the use of spherical or aspherical
protective glass rather than flat glass, it is necessary to con-
sider its influence on the dimensional and aberrational charac-
teristics of the objective. In the latter case, the objective
ceases to be purely mirror and is now a mirror-lens objective.

Mirror-lens systems are used if it is more advantageous,
from the technological and economic points of view, not to use
aspherical mirrors for the correction of aberrations of a two-
mirror system but to introduce correction lenses in the objective,
one of which can simultaneously accomplish the role of a protec-
tive glass.
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Depending on the position and curvature of the mirrors, the /74
objective may have different focal lengths. Relative apertures
of such objectives reach 1:1.2 with an effective geometry aperture
ratio up to 1:1.45. The field of view of mirror objectives usually
does not exceed 17.4.10-2 - 20.88.10-2 rad (10-120).

In Maksutov's objectives, an achromatic meniscus having a
positive spherical aberration capable of compensating for the
negative aberration of two mirrors of the objective is used as
the correction lens. In this case, these mirrors can have a
spherical form. The secondary mirror can be built up on the
central portion of the outermost surface of the meniscus, which
provides the required sphericity in the process of preparation.

The basic dimensional parameters are determined with the use
of a table [22], assigning the required value q and one of the
design parameters, for example D2.

3.10. Systems with Fiber Optics

Fiber optics are parts and units of optical systems consisting
of a large quantity of fine flexible fibers or threads of glass or
another optical material transparent in a given band of the spectrum.
Each fiber has a diameter on the order of several micrometers and
is a light conductor over which radiation flux can be transmitted
from only one element of the plane of the image with which the end
of the fiber is matched. To transmit a group of elements or the
entire image, the fibers (sometimes numbering up to 200,000-250,000
fibers) are assembled in a flexible bunched conductor, the diameter
of whose end determines the size of the image or portion of space
of the -objective which can be transmitted to the radiation receiver
or to any other portion of the optical system. The fibers can have
a cylindrical or conical form. In the latter case, with the aid
of the bunched conductor one can change the linear dimensions or
the scale of the image and also concentrate the radiation flux
falling on the end of the bunched conductor on a smaller area,
increasing its irradiance.. Dividing one of the ends
of the bunched conductor, for example the exit end, into several
parts, it is possible to include several radiation receivers in
the optical system simultaneously or to collect on one receiver
the radiation fluxes from various sections of the space of
objects. Redistributing the fibers. along the bunched conductor
or changing the geometric form of its entrance and exit ends, one
can change the geometric parameters, improve the quality of the
image, and accomplish the coding and decoding of the transmitted
information.

The operating principle of fiber optics (Fig. 3.26) is based
on the use of the phenomenon of total internal reflection which
arises with the passage of a radiation flux from an optically denser/75
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medium to a. less dense
medium The fiber (Fig.

3.27) is a transparent core
*- with a smooth surface; there-

fore, the rays which have
entered through one of the
ends emerge through the opposite

Fig. 3.26. Diagram of the path end after repeated reflections.
of a ray in an optical fiber. In this, it is necessary that

the angle of incidence i of
n , each ray on the internal sur-

face of the fiber wall be
greater than the angle of
total internal reflection i0.
Using the invariant of refrac-
tion n sini = n' sini' known

Sfrom physical optics, we assume
that the reflected ray can have

Fig. 3.27. Path of a ray in an the maximum angle i' = 156.6

optical fiber with a jacket. rad (900), i.e., it will go
along the fiber wall; there-
fore, sini = sini 0 = n'/n.

If the material for the fiber is glass with a refraction
index n \ 1.5, then accepting n' = 1 for air we obtain i0 ' 71.34
rad (41048'). The value of the angle of incidence i > i0 deter-
mines the degree of permissible bending of the fiber in the
bunched conductor and the greatest aperture angle ¢0 of a pencil
of rays which passes through a fiber of the bunched conductor with
total internal reflection.

With the close packing of the fibers in the bunched conduc-
tor, optical contact arises between their outer surfaces in a
number of places, and a portion of the rays of the pencil which
is passing through the fiber may land in other fibers and be
scattered in the bunched conductor.

Therefore, the surface of each fiber is covered with a
jacket of another optical material with a smaller refraction index.

The maximum value of angle 4 0 can be found from the follow-
ing considerations. Since

sin ?o=sin c- n i sin ,1
no

where n0-1 is the refraction index of the air, and considering
that sine0 = cos ii and sinil = n2 -n1 , we obtain
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cos 1 = -1 n

/76

sin ?o=VnT 2

and finally arcsi n-
o= arcsm n-nl2.

(3.66)

Using glass ofthe flint type for the fiber (n a 1.7) and a
jacket of glass (n , 1.5), we obtain 0 \ 92.22.10-2 rad (530).

As a result of repeated reflections, path L of a ray in a
fiber is considerably greater than its length i:

The number m of reflections of the ray from the internal
surface of the fiber depending on its length I and the maximum
angle of incidence of the rays on the end is determined by
the equation

m= d tg'O =d tg larcsin (V/Z~n2 (3.67)

Thus, with 1 = 280 mm, d = 0.7, nl = 1.7 and n 2 = 1.5, the
value of m is = 2000. The number of reflections of the rays of
the pencil from the internal surface of the fibers, even with a
not very long length, may be .fairly high. Therefore, very
high demands are made on the quality of fiber surface. To increase
the resolution, an attempt is made to make the number of fibers in
the bunched conductor maximum; however, a reduction in the diameter
of fibers less than 2-5 pm leads to the appearance of diffraction
which causes the scattering of light energy in the bunched con-
ductor.

The basic parameter which determines the effectiveness of
employment of fiber optics is the light transmission coefficient.
Its value depends on the degree of absorption of radiation energy
during reflection from the fiber walls, absorption and scatter in
the fiber material, losses to reflection during refraction on
the ends, and on the density of filling of the cross-sectional
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area of the bunched conductor with fibers. With consideration
of expressions (3.21) and (3.22), the general formula for calculat-
ing the transmission coefficient has the form

where p is the coefficient of reflection from one surface of the
end; p. is the coefficient of losses in reflection from the fiber
walls; a, the coefficient of absorption in the fiber per unit of
optical length; and kf is the coefficient of filling, considering
the effective cross-sectional area of the bunched conductor.

The values of coefficientsa and p are determined by the
optical material of the fibers. The value ap depends on the
refraction index and the quality of manufacture of the fiber and /77
its jacket. The filling coefficient is calculated depending on
the shape of the cross section of the bunched conductor and the
scheme for packing the fibers. Its approximate value equals
kf = (0.8-0.9)(D 1 /D), where D1 is the light diameter of the fiber
and D is the diameter of its jacket. In practice, we can con-
sider k = 0.73-0.80. For a glass fiber bunched conductor 1500 mm
long with a cross-sectional diameter of 30 mm, with the number of
fibers 1.107 with a diameter of 2.5 pm, the specific coefficient
of light transmission will equal T = 0.15(1/m). In the manufac-
ture of fibers from optically denser materials which are used,
for example, for the infrared region of the spectrum, radiation
energy losses will be even greater.

For the visible region of the spectrum, fibers are made of
optical glass of the crown grade (n = 1.55) with a jacket of flint
(n = 1.7). For the infrared region of the spectrum, the fibers
are made from special grades of glass and also from some artificial
crystalline materials and optical plastics.

In electro-opticalequipment, fiber-optics are used for the
accomplishment of the following tasks:

-- For the concentration of the radiation flux from different
objects (or different sections of the field of view) on one receiver
and, conversely, from one object on a number of receivers;

-- For the transmission of an image or energy of radiation
flux between those sections of the optical system of an instrument
which cannot be connected with the use of regular optical methods;

-- For the discrete or continuous change of the entrance and
exit pupils of an optical system;
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-- For the transformation of the geometric form of an image
without violating the principle of operation of the system and
without lowering its resolution;

-- For the coupling on non-planar, for example, spherical
surfaces of photocathodes of photoemission radiation receivers
with the image plane of the preceding optical system, and so forth.

3.11. Optical Systems of Equipment with a Laser

One of the new and rapidly developing directions is systems
with lasers. They are beginning to find application as optical
locators, rangefinders, and other devices which assure the precise
determination of relative values of velocity, linear and angular
coordinates, rendezvous or docking of -space ships, .altimetersr for /78
determination of the distance to the earth or planets, and in
communication and signaling systems. Regardless of the purpose,
the basic elements of -the block diagram of such systems are the
transmitter and receiver. A laser ray of a transmitter, after
reflection from an object or directly, should be received by the
receiver. To increase the operating range and raise the precision
of the measurements, it is necessary that the aperture angle of
the laser beam of the transmitter be as small as possible. In
receivers, it is necessary to assure the capture of the maximum
portion of the incident flux of radiation energy and concentrate
it on the surface of the receiver's sensitive element.

Special optical systems serve for the solution of tasks on
the formation of a laser beam and its reception. They can be
divided into two basic groups: systems which serve to reduce the
divergence of the beam and systems which increase the surface
density.

In the general case, optical system L located at distance 1
from end AB of the laser emitter (Fig. 3.28) converts the pencil
of rays falling on it at an angle of 2u into a converging, parallel,
or diverging pencil. In the first case, the rays of the pencil
are focused in plane P' with which the surface of the irradiated
object or radiation receiver is matched. The degree of convergence
of the entire pencil is determined by the value of the angle 2W',
and the irradian.e.at each point ..of the plane- P by the angle
angle 2u'. For optical systems of the first group, the angle 2W'
should be reduced to the minimum. For systems of the second group,
the basic task is increasing angle 2u'.

The basic relations, which show the influence of the parameters
of an optical system on the shape of a pencil of rays and the
irradiance which it creates are determined on- the basis of general
dimensional characteristics (see Section 3.2). Accepting that in
plane P' image A'B' of emitter end AB is created, with consideration/79
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exit I of (3.1) and (3.3), we obtain

pupil ,

2u B8D tga'

For the central portion
of the pencil tanu' =

Fig. 3.28. Diagram of the influence d exit pup. For the out-
of an optical system L on the path 2s'
of laser rays. most rays, this is approxi-

mately valid under the con-
dition s' >> dexit . In this case,

D'?d =Dtanu
2s' exit pup.

or

d 2s'Dtanu (3.68)
exit pup. D'

Angle W' is determined from the expression

tanW' = Y _D

2s' 2s'

To obtain a diverging pencil D' > dexit pup.' converging

pencil D' < dexit pup.' and parallel pencil D = dexit 2s'Dtanu.

Setting the required values D', we determine the linear or angular
magnification, dimensions of the pupils, and other parameters of
the system depending on the distance to the object (receiver) and
the dimensions of the laser emitter.

Typical examples of systems of the first group are mirror

(Fig. 3.29a) and lens (Fig. 3.29b) telescopic systems in which
the back focus F' of the first component 1 is matched with'the
front focus F 2 o the second component 2 and the distance FF 2 =

= A (optical interval) equals zero. Therefore, in accordance with

(3.4), the focal lengths of the system will equal infinity and the /80
system is afocal. If a pencil whose rays are parallel falls on
one of the components of the system, then the beam leaving the;
system is a~aso of parallel-rays with diameter' .D' = GD'exit entr.
wuere D .is :the..diame t-er --of- the incideT. -penil.. A reduc-entr.'
'tign-in the -angle. of divergence of the, lase.r: rays i's also deter-
-mined- by an. increase infrG - f the system and 'is connected
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with the focal length of
its components by the rela-

. .. tion
laser 8 V'

-laser wg Ltanw tan _FF;r F,'FI tanWt r fi
f2

Usually, in telescopic
b) systems of this type magni-

) _fication G = 3x - 4x, which
permits reducing accordingly

Fig. 3.29. Diagrams of optical the angle of divergence of
Fig. 3.29. Diagrams of optical the laser beam.systems employed to reduce the
divergence of a pencil of laser

The selection of one
rays: a. mirror; b. lens. system or another is deter-

mined depending on the
required parameters of the equipment. Mirror systems are more
suitable for the infrared region of the spectrum, but they iris
the central portion of the pencil. Lens systems preserve it but
increase losses of radiation energy in the glass.

Condensers are used as systems of the second group. Fast
mirror or lens objectives are used in -receivers.

3.12. Optical Filters

Optical filters in electr6-opticdl equipment serve to attenuate
or change the spectral composition of a radiation flux to reduce
the hindering influence of backgrounds and provide the best con-
ditions for distinguishing the signal from the object.

In accordance with the nature of influence on the passing
radiation flux, filters are divided into neutral and selective.
Neutral or gray filters attenuate the intensity of the radiation
flux without changing its spectral composition. Selective filters
serve to change the spectral distribution of energy of the radia-
tion flux, segregating a specific band of its spectrum by the
absorption, reflection, or the scattering of the energy of the
remaining sections (bands) of the spectrum;

Depending on the width of the transmission band, selective
filters are divided into broad-band, narrow-band and monochromatic
(interference) types. The latter group of filters is typical of
an extremely narrow transmission band, on the order of tens of
angstroms, which is attained by the use of the phenomenon of the
interference of monochromatic rays on the interface of the filter
layers.

80



According to design, optical filters can be solid, powder,
liquid, and gaseous.. Solid filters are made of colored glass,
optical crystals, or films. The material of the filter and its
thickness determine the optical properties of the filter. Powder
filters are made by the deposition of thin layers of metals, for /81
example germanium, selenium, and others, or metal oxides on bases
which are transparent in a given band of the spectrum. In a number
of cases, such filters are applied directly to the surface of the
optical parts of the equipment.

Liquid and gaseous filters in the form of a vessel with an
absorbing substance are usually used in laboratory practice.

The basic characteristics of a filter are the general or
integral transmission coefficient, its spectral distribution, i.e.,
the spectral or spectrophotometric characteristic of the filter, and
also its geometric and design parameters. For a more detailed
evaluation of the quality of a filter, in some cases such values
as optical density, effective transmission coefficients, effective
width of transmission band, gradient of spectral characteristic,
and so forth are also used.

A general or integral transmission characteristic equals

e - i

The value of the coefficient a for neutral filters depends on
the physical properties of the filter material, for example the
concentration of dye, heat losses, and scatter of radiation energy
in the filter but it remains constant for a given filter in the
effective band of wavelengths. For selective filters, this value
is a function of the wavelength.

The spectral transmission coefficients TX are the ratio of
the monochromatic fluxes dDTh and d(0o in the spectral section AX:

The connection between the general and spectral transmission coef-
ficients with consideration of the spectral distribution of the
flux (D is expressed by relation (3.15). In calculations of electro-
optical systems, to c onsider the degree of us.e, by the. receiver,
of the radiation flux transmitted by the filter, instead of the
general transmission coefficient its effective value is used:
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Teff = . (3.69)

0

where SX is the spectral sensitivity of the receiver.

For instruments in which the eye is the radiation receiver, /82
the values of spectral sensitivity of the eye VX are substituted
in place of the value SX in formula (3.69).

Filters which are used in photographic equipment are usually
evaluated from the value of the optical density d which is expressed
by the relation

D = log = logT (3.70)

In this, the spectral
optical density will equal

?t accordingly

DX = log-
TX

A more detailed analysis
of the properties of a filter
can be conducted from its
spectral characteristic by the
determination of such of its

mai C parameters as gradient.., and
width of transmission band and
boundary and maximum values of

Fig. 3.30. Spectral or spectro- boundary and maximum values of
photometric characteristics of ficient. The gradient o f spec-
an optical filter. ficient. The gradient of spec-

tral characteristic (Fig. 3.30)
,is determined by the tangent of

the angle of slope of the initial (final) section of the curve
within limits from X0 to Xmax which corresponds to the largest
value of transmission coefficient TAmax or by the ratio AX/X 0 where

AX = max - is the width of the transmission band. The maximum

wavelength X0 is considered to be that at which the transmission
coefficient T0X = akmax. The value of coefficient a is given

depending on the purpose of the filter, for example, 0.4-0.5 for
photographic systems, 0.1-0.05 for ele:ctro.optical eqipment, and
so on.
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CHAPTER 4, RADIATION RECEIVERS /83

4.1. Purpose and Classification

Elements and devices which react to the influence of a radia-
tion flux are called radiation flux receivers or indicators.

The radiation energy which falls on a receiver is converted
to some other type of energy: electrical, thermal, energy of
chemical processes, and so forth. Depending on the character of
the physical processes which occur in the receivers during
the conversion of the energy, they are divided into the following
basic groups: photoelectric, thermal, optical-acoustical, photo-
chemical, luminescent, and others.

Photoelectrical and thermal radiation flux receivers find
widest employment in electro-optical equipment.

Photoelectric receivers possess selective radiation absorp-
tion and, consequently, selective sensivity to radiation with
different wavelengths. With receivers of this group, the magni-
tude of the absorbed radiation flux can be estimated either from
the change in electrical conductivity of the material of the
sensitive layer or from the value of the photocurrent or photo-
emf.

The photoelectric action of radiation can be manifested in
various ways.

If electrons are emitted into a vacuum from a substance
under the influence of an absorbed radiation flux, a photoemissive
effect occurs. With a photoemissive effect, the radiation energy
absorbed by the sensitive layer is imparted to the electrons of the
substance. A portion of them overcome the forces within the sub-
stance which are restraining them and, leaving the substance, they
form a flux of free charges in the vacuum.

The internal excitation of the crystal lattice of the semi-
conductor material under the action of the absorbed radiation flux
which causes the conversion of the electrons from bound states to
free states without escaping to the outside is called the photo-
conductive effect.

The appearance of free charges capable of moving within a
solid leads to a change in the electrical conductivity of the
material of the sensitive layer. The photocells which are based
on photoconductivity, i. e., on a change in electrical conductiv-
ity under the influence of an incident radiation flux, are called
photoresistors.
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The phenomenon of photoconduction arises in
systems consisting of two different contacting substances
(metal-semiconductor, two semiconductors) and causes the initia-
tion of a photo-emf on the boundaries of the system with the
irradiation of the contact region. This phenomenon of photo-
-conduction wis known-ras te:--barrier-1ayer photoeffect.
The photocells which are based on the phenomenon of the formation
of a photo-emf on the boundary of two substances are called
barrier-layer cells or photocells with a barrier layer. The
photocurrent in the circuit of the barrier-layer cells arises in
the absence of an external supply voltage.

If semiconductors with different types of conductivity are
used as the contacting substances in the barrier-layer cell, then
along with the arising of the difference in potentials between
the layers with p and n conductivity, a difference in potentials
is formed along the p-n junction. This photo-emf is called /84
longitudinal or lateral. Photocells based on the use of a longi-
tudinal photo-emf are called photocells with a longitudinal or
lateral photoelectric effect. A longitudinal photoelectric effect
is manifested only with the uneven illumination of the sensitive
layer. In this regard, the phenomenon of a regular transverse
photoelectric effect is also observed in photocells with a
longitudinal photoelectric effect.

Barrier-layer cells on the base of electron-hole junctions
which operate with the application of an external voltage are
called photodiodes.

Moreover, devices similar to photodiodes but possessing the
property of internal amplification of photocurrent can be
receivers of radiation flux. They are called phototriodes or
phototransistors.

Thermal receivers of radiation flux react to an increase in
the temperature of the sensitive layer and require thermal
equilibrium with each measurement. In this group of receivers,
the energy of the quanta of incident radiation is distributed
between all particles of the substance of the sensitive layer
uniformly.

Therefore, as a rule, they possess nonselective sensitivity,
i.e., they react equally to the radiation of all wavelengths.
The heating of a sensitive layer is detected .from:generation
of a thermoelectromotive force in the thermoelements and from the
change in resistance in the bolometers and thermistors which are
part of the group of thermal receivers.
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4.2 Basic Characteristics of Receivers

The following characteristics are used to evaluate the

technical properties and effectiveness of radiation flux receivers:

-- Spectral sensivity;
-- Integral sensivity;
-- Sensivity to current and voltage (spectral and integral);

-- Utilization factor;
-- Threshold flux or detecting capability;

-- Quantum effectiveness;
-- Quantum thresh-old. -sensivity;
-- Time constant;
-- Frequency-response curve;
-- Energy (light) characteristic;
-- Voltage or current-voltage characteristics;
-- Temperature characteristics.

Any characteristic of sensivity is estimated from the value

of the receiver's reaction to a monochromatic or complex radiation

flux.

If a reaction is evaluated from the change in some parameter /85

of the receiver with a change in the value of the incident flux,

integral or spectral sensivity of the receiver is obtained. For

example, one can use the change in relative resistance caused by

a change in the value of the incident radiation flux as such a

parameter. However, integral and spectral sensivity in such a

treatment for a practical evaluation of radiation flux receivers

has not yet received wide dissemination.

In the majority of cases, integral or spectral sensivity

is used (sensivity to current or voltage). In accordance with

these characteristics, the reaction of the receivers is evaluated

as applicable to an actual connection scheme from the magnitude

of the electrical signal (voltage or current) on the output of

the receiver which is caused by the radiation flux which has

fallen on it.

The spectral sensivity equals

dU
S1(4.1)

where dUx is.lthe reaction of the receiver caused by the mono-

chromatic radiation flux dX falling on it.

With many radiation flux receivers, the value of Sx changes

depending on the wavelength X and attains its greatest value at
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some specific wavelength X , called the
wavelength of maximum sensT vity (Fig.
4.1).

The concept of spectral sensitivity
is completely clear and simple, but its
measurement presents certain difficul-
ties. Therefore, instead of spectral

Aim Am- sensitivity use is made of relative
spectral sensitivity s(X), which is the

Fig. .4.1. For the ratio of the function SX to its maximum
determination of spec- value SXmax:
tral sensitivity of
radiation receivers.

s (.)=S (4.2)

With the presence of several maximums with the function SX,
the ordinate of the largest of them is arbitrarily taken as unity.

The relative spectral sensitivity s(X) is the spectral /86
characteristic of the receivers and is usually presented in the
form of graphs from which one can judge the applicability of a
given receiver for operation with one or another radiation source.
However, the graphs permit evaluation only of the spectrum in
which the receiver under consideration may be used.

The integral sensitivity of the receiver S is the measure of
its reaction to a complex radiation flux and is determined as
the relation

S=U

(4.3)

where U is the reaction of the receiver to the complex radiation
flux ¢. A fully specific connection exists between spectral and
integral sensitivities. From formula (4.1), we have

dU .=,S;.d(kI

whence, with consideration of the equality dBO = (X)dX, we
obtain
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dU-==S. g5 dk. (4.4)

This relation permits calculating the value of the reaction
of the receiver to a monochromatic radiation flux. For a complex
radiation flux, the value of the reaction is determined by
integration of expression (4.4) for the entire spectrum

U _dU k S.X (4.5)

Since on the basis of (4.2) SX = s(X)SXmax, from (4.5), we have

U= Sax ~S )s(.)dk. (4.6)
0

0

On the other hand, since doX = 6(X)dX, then D = £ (X)dX.

Substituting the found values for U and D in formula (4.3),
we obtain

S Q Sd -S X

_.f _) sd?_ (X 4.7)
0 0

The integral of the numerator of expression (4.7) is that
value of a complex flux which falls on the receiver which, with /87
the sensitivity of the receiver constant for the entire spectrum
and equal to its maximum value, would cause on its output such
a signal as the entire complex radiation flux which falls on it
causes with real spectral sensitivity. This value has received
the name of effective (for a given receiver) radiation flux and
is designated Qeff (Fig. 4.2):

S/ (4.8)

87



00 The integral of
p( s) - the denominator is the

za hMr(x entire complex flux which
goo falls on the radiation
f (A)( W)d receiver.

.4 From formula (4.7),
it can be seen that-the

a I integral sensitivity of a
- receiver depends on the

A~m J character of the function
of the spectral density

Fig. 4.2. For the concept of the ef- of the flux (X) of the
fective radiation flux for a given emitter. Consequently, the
receiver, integral sensitivity

depends not only on the
properties of the receiver but also on the radiation characteristics
of the object. Therefore, along with the value of integral
sensitivity, the parameters of the emitter from which the sensitiv-
ity was determined are indicated.

In this case, the characteristics of the receivers which
are sensitive in the visible band of the spectrum are evaluated
from the influence of the luminous flux F and with receivers which
possess sensitivity in the infrared and ultraviolet regions of the
spectrum -- from the influence of the radiation flux ¢. Evaluation
from the influence of the radiation flux is mo-re universal.

The values of integral sensitivity presented in the receiver
certificates are usually measured from the radiation of standard
sources:

- Source A (T = 2848K) -- for photoemissive cells
and other receivers sensitive in the visible region of the
spectrum:

- Source B (T = 2500K)' and C (T = 2360K). -- for types of /88
receivers indicated above.

An ideally black body (IBB) with a temperature of 373K or

573K, is for radiation flux receivers which are sensitive in the
long-wave:region of the spectrum.

In the United States, the parameters of photoresistors are
measured most often from the radiation of an IBB with a temperature
of T = 500K.

The utilization factor K is the relation of the integrals
in formula (4.7), i.e.,
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K : c (4.9)

This factor shows the fraction of the complex radiation flux
which falls on a receiver which is comprised by the effective
flux for this receiver.

Inasmuch as the function s(X) has no analytical expression
but is given graphically, the utilization factor is computed by
numerical (graphic) integration. For this, it is necessary to
plot the functions (AX) and s(X) on a graph in relative units and
the same scale, find the product (X)s(\), calculate the
corresponding 'areas., (see -Fig. 4.2), and take.:their ratio.

For calculations of utilization factors by receivers of
radiation of an IBB, formula (4.9) can be simplified considerably.

Since 6(X) = r(X)A = y(X)rmax(X)A, the following equality is
valid

j 95 (),)s (i) d^ fr Q-)s .) s .) A

i' ifi Q.) d r Ck) 6. y (1) A (4.10)
So0 0-

Using the relation

rs()d l

and considering that r()d) T, a r)q)rm) we obtain

r y( ((4.11) /89
TK= a -

where

rmax()= 1.315(
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Substituting numerical values here, we will have

1.315-10-157- 1

.0-12T4 O y(,)s()d=0.232 Sy()s(X)dX. (4.12)

Replacing the integral by the summation symbol and assigning
the integration step AX , we obtain the final formula for the
calculation of the utilization factors of the receivers from the
radiation of an IBB

K=O.232.10-3TTA) y(x)s (X,) (i-(4.13)

The calculation in accordance with formula (4.13) is reduced
to the determination of the sum of the products of two functions
with given values of X on the section of the spectrum where both
functions differ from zero and to the multiplication of the found
sum by a constant previously computed value which stands in front
of the summation symbol.

If the integral sensitivity and utilization factor for some
emitter are known for a given receiver, the spectral sensitivity
can also be determined in absolute units. Actually, considering
(4.9) and (4.7), we have

s=Sr. K or S = (4.14)

i.e., the relation of the integral sensitivity of the receiver for
a given emitter to the utilization factor of the radiation of the
same emitter is a constant value and equals the maximum spectral
sensitivity of the receiver.

Replacing SXmax in (4.14) with its value from (4.2), we
obtain the desired relation

s (). (4.15)

In some cases, instead of the utilization factor, we use the
derivative characteristic from it -- the effective width of the
sensitivity zone -- for the calculations.
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The effective width of the receiver sensitivity zone is the
width of the spectrum band where the entire effective radiation
flux which falls on it would be concentrated for a given receiver
under the condition that in this interval of the spectrum the /90
function of spectral density is constant and equal to its maximum
value, i.e.

[G Q-) s Q,) d).

eff (0max)

or, changing to relative units by division of the numerator and
denominator by d(Xmax),

y (Q.) s ) dA

Aleff= (4.16)

The necessary graphical constructions are shown on Fig. 4.3;
in this regard, the shaded areas Al and A2 are equal.

Comparing the expressions
with each other for AXeff

o r(A) and K, where O
Aeff Q-raz)

Z Ad yf) sJY . and

> K-

C Ar 0

ALpm it is not difficult to
establish the connection
between these characteristics

Fig. 4.3. For the determination of in the form

the effective width of a receiver's
zone of sensitivity.

ef b -K (4.17)
e QO,,a) €6 (xa)
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If an IBB is the emitter, then formula (4.17) is transformed on /91
the basis of (4.10) to the type

AeffK R oTr4
r(Xmax) 1.315() t

1 315 70

whence we finally have

ABeff=4310 .
r (4.18)

Formulas (4.17) and (4.18) establish the rather simple connection
between the utilization factor and the effective width of the
sensitivity zone.

The threshold flux Dt is the minimum radiation flux which
causes a signal on the receiver output equivalent to the level of
intrinsic noises.

Replacing in (4.3) the reaction of the receiver through the
mean square value of the noise as applicable to Ot, we obtain

S - , whence t (4.19)

The threshold flux of the receiver is measured from the
radiation of a fully specific source and, just as the integral
sensitivity, depends on the characteristics of its radiation.
Therefore, indicated in technical documents along with the value

Dt is the type of source according to whose radiation it was
measured.

In contrast to the threshold flux, which depends not only on
the properties of the receiver, but also on the parameters of
the emitter, a characteristic of the threshold sensitivity of
the receiver itself is the monochromatic threshold flux DXt or
the spectral distribution of threshold sensitivity. Let us
establish the connection between et and QXt. For this, we sub-
stitute in formula (4.19) the value S from (4.15) and obtain
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(=) --- sn- (4.20)

On the other hand, by analogy with (4.19) for a monochromat-
ic threshold flux we can write

S,(14.21)

Expressing / U2
n from (4.20) and substituting its value in

(4.21), we obtain

ts ()1 (4.22)

From this formula, it can be seen that the monochromatic /92
threshold flux will be minimum with s(X) = 1, i.e., in maximum
spectral sensitivity

tmIn=4K, I (4.23)

and the current value of the monochromatic threshold flux will be

s(X- (4.24)

The threshold sensitivity of radiation receivers of the same
type depends on the dimensions of the area of the sensitive
layer A. Therefore, for a more objective comparison of various
receivers of radiation flux, it is necessary to reduce their
threshold fluxes to a unit area through the formulas

@' t=t -- and P.t= nt d (4.25)

where 't and 'xt are the threshold fluxes of the receivers -
reduced to a unit area of the sensitive layer.
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Besides this, as follows from (4.19) and (4.21), the threshold
fluxes of the receivers depend on the level of noise signals at
the output of the receivers whose value, in turn, depends on the
transmission band of the amplifier channels.

The threshold fluxes of receivers, with a narrow transmission
band for the circuit, depend on the width of the transmission
band Af. Therefore, for a comparison of the threshold fluxes of
the receivers, they are reduced to a unit transmission band. With
consideration of this, the sensitivity threshold of the receiver
reduced to a unit area and unit transmission is expressed in
the form

t -

A (4.26)

0it t (4.27)

These values have dimensionality (W.cm-l.Hz- 1 /2 ) or
(lm.cm-l.Hz-1/2 ). Sometimes, in a comparison of radiation f ux
receivers, it is more convenient to use the 'reciprocal of 4(

This characteristic was first introduced in the United States
and is called detectivity.

On the basis of (4.26) and (4.27), we obtain the expressions
for detectivity D*:

DI- Vf o s _ __ - ID*= D t or D*= (4.28)

and for spectral detectivity D*X:

'" V -t or (14.29) /93

From the obtained expressions, it follows that with given
dimensions of the sensitive layer and width of transmission band
the threshold sensitivity of the radiation flux receivers depends
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.on the noise level. The noise of the receivers is evaluated from
their mean square value. The arising of noise is explained by
many reasons, in which regard some of them are still insuffi-
ciently investigated. Common to all receivers are thermal noises,
radiation noises, and noises caused by current fluctuations.

The finite time for the course of the processes for the
transformation of radiation current by the receivers causes the
necessity to consider their inertial properties. Considering the
receiver as a linear system (this is valid with small values of
incident radiation flux), its inertial properties can be
characterized by the pulse sensitivity, frequency response,
and time constant.

By pulse sensitivity S (t), we mean the ratio of the pulse
reaction of the receiver U(t) to the value of radiation energy W
of the input pulse

Sp(t)-- U(t)W (4.30)

With the influence of a pulse with a power of D(t) on a
receiver, the value of the energy in it is determined as

in which regard, the Fourier transform for the power of flux
D(t) has the form

iE(f)= SO(.) e-dt. (42)

If all the energy reaches the receiver instantaneously, then
6(t) can be introduced -- a function which connects the power
with the energy: 0(t) = W6(t).

With the noninstantaneous arrival of a radiation flux at the
receiver, we find its reaction with the use of the integral of
convolution
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U (1)= S()(t-)d (14.33)
-o

In this case, we will have in mind that S (T) E O, when t < 0.

If a radiation flux which falls on a receiver changes in /94
accordance with a sine law, it can be presented-in the
form of a complex function a(tf oe2=-,jtl where fl is the modulation
frequency of the radiation flux. Substituting this value in the
expression for U(t), we obtain

Designating the integral SSp(rT)e- 2I1=S(jfl) , we rewrite

expression (4.34) in the form

U (i)= g e .At .S(jfD). (14.35)

Thus, with a sinusoidal change in the radiation flux, the
signal at the output of the receiver also changes in accordance
with a sine law, but thanks to the multiplier S(jfl),
this change or a given frequency will have the corresponding
amplitude and another phase. Since the integral sensitivity of
the receiver is determined as the ratio of the reaction to the
value of the incident radiation flux, with a sinusoidal change
in the flux and the transition to absolute values, from expression
(4.35) it follows that S(jfl) is the integral sensitivity of the
receiver at a given frequency fl for the modulation of the
radiation flux. The dependence of the integral sensitivity on
frequency is the frequency response of'.the receiver (Fig.
4.4).

On the basis of the frequency response, with the use of
the Fourier transform, we can obtain the relation of the pulse
sensitivity

Sp, (t)= S(jf) e
2,fdf. i

96 (4.36)
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Using the Fourier transform, we present the value of the
pulse of radiation flux in the form

'(t)- S if)e2tdf (4.37)

and, substituting the obtained expression in (4.33), we find

U()=)S SP(r)dr S ( (if) e '-I)df
"- 1 (4.38) /95

S (ijf) e2 yif'df S S(r) e-2=jd,= (jf) S(jf) )e-'jdr.

Inasmuch as the reaction of the receiver
s s as a function of time U(t) is connected with

the reaction of the receiver.as a function of

freqiuency U(jf) by the Fouriertransform

U()=S U(if)e2df/ , on-the basis of (4.38)

we can write that

Fig. 4.4. Fre-
quency response U(jf)=D(jf)S(jf) (4.39)
of a receiver

Thus, on the basis of (4.39), the spectrum
of the reaction on the output of the receiver is determined by
the frequency spectrum of the signal on the input and the
frequency response of the radiation flux receiver.

The time constant T of the receiver is determined by the
time interval during which the signal at the output of the
receiver reaches a specific amount of the established value
with constancy of the amount of incident radiation flux. The
time constant can be calculated from the transient function of the
receiver which is the relation of the reaction to the unit flux
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1I. We find the reaction of the receiver to the influence of the
unit flux Dl with the use of the integral of convolution

SU(t)= p -r)IDd='=1 S p) dr. (4.40)

Then, the transient function of the receiver will be

(t= Sp(T)d,

whence

S'(t)="d (4.41)

With the irradiation of the photoresistors by square.:pulses of
radlation.flux;j in .manycase.s their reaction- changes: according
to the law

U=UUo(1-e t (4.42)

where U0 is the established value of the reaction (signal at the
output).

The energy (light) characteristic S = f(O) expresses the
dependence of integral or spectral sensitivity of the receiver
on the magnitude of the radiation flux which falls on it. /96

Sometimes, the energy characteristic is the dependence of
the voltage or current at the receiver output on the magnitude of
the incident radiation flux.

The energy characteristics are linear with small values of
incident flux. With an increase in incident flux, the linearity
is destroyed. With an increase in the flux which falls on the
sensitive layer, the sensitivity of the receiver is reduced.
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Therefore, with sufficiently large values of radiation flux
directed at the receiver, changes in its sensitivity should be
considered utilizing the energy characteristic.

The current-voltage characteristics -- I ='f(U) and IT = (U) --
determine the electrical properties of the radiation flux receivers.
The linearity of the current-voltage characteristics can be destroyed
in the region of voltages which are high for a given receiver.
Thi's is manifested especially clearly with gas-filled photocells.
In addition, extremely important dependences are the vbltage
characteristics. They reflect the connection between the sensi-
tivity of the receiver and the magnitude of the supply voltage.

S=f(U); Un=F(U) and Dp=P(U).-

Inasmuch as both the integral sensitivity and the noise increase
with an increase in supply voltage, to assume optimum conditions
for the operation of the receiver, the value of the supply
voltage should be specially selected in the circuit.

In order to exclude the dependence of sensitivity on the
value of the supply voltage in calculations, use..is.made
of the ..concept of specific sensitivity,. relating it to a voltage
equal to 1 V:

S U 1I
s= Usu 

(4.43)

Then the sensitivity with an operating supply voltage Uo
will be

S=spUo (4.44)

Besides the designated characteristics, in the selection of
a radiation flux receiver it is necessary to consider the
dependence of its parameters on temperature for use in the circuit
of a specific instrument. These dependences are presented in the
form of temperature characteristics which indicate how the param-
eters of the receiver change (sensitivity, threshold flux, noise,
resistance) with a change in the temperature of the sensitive
layer.
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11.3. Photocells and Photomultipliers

In this group of photocells, photoemissivity is used
in which the radiation flux which falls on the,
surface of the material causes the emission of electrons which
have received the name of photoelectrons. They are absorbed by /97
by the external electrical field created by the applied voltage.
The role of the cathode is played by the photosensitive layer,
called the photocathode. The second electrode is the anode. A
least radiation frequency exists for each material

0-o , (4.45)

at which emission of photoelectrons still arises. This
frequency or the wavelength corresponding to it

c 1.242 (4.46)

is called the "threshold," which characterizes the long-wave limit
of the sensitivity of the material.

Photocathodes of contemporary photocells have a composite
structure. A monomolecular layer of atoms of electropositive
metal, which reduces the operation of the output, is applied ,to.
the surface of the basic metal. In this, an intermediate semi-
conductor layer is usually created between the basic metal
(ba'cking) and the surface layer of adsorbed atoms.

Composite photocathodes [36, 48, 51], in contrast to pure
metal ones, possess high sensitivity in the visible and ultra-
violet and infrared regions of the spectrum close to it (Table 4).

Such photocathodes have a film of several hundreds or even
thousands of atomic layers applied to a metal or insulating base.
Antimony-cesium and silver-oxygen-cesium photocathodes have
received wide popularity in practice. The atoms of the alkaline
metal (cesium) which are part of the composition of the photo-
cathode are contained both inside the semiconductor layer in
chemically bound and adsorbed states and on its outer surface. /98
The basic photoelectric properties of the cathode are determined
by the structure of the intermediate layer.
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TABLE 4.1

------ II -
Shbstance _0 J  X0, Pm

Nickel - 5.01-1,6.10-19 0.246 -
Silver 4.54-1,6.10-19 0.270 -
Potassium 2.25-1,6.10-19 0.550
Cesium - -1.46.1,6.10-19- _ - 0.660

1.37.1,6.10-19
Oxidized silver with-an. 0.9.1,6-10-19- 1.50 1.35
admixture of cesium 0.7-1,6.10-19

Oxidized antimony with-an 1.27-1,6.10-19- 0.75-0-70
admixture of cesium 1,22.1,6.10-9

Fig. 4.5 shows a diagram of the structure of a silver-oxygen-
cesium photocathode. Appplied to the silver backing is an
intermediate layer consisting of cesium oxide, reducing finely
dispersed particles of silver, and internal adsorbed cesium atoms.
The structure of this photocathode can be expressed symb6lically
by the formula

[Ag]-Cs 2 0 , Cs, Ag-Cs.

Silver-oxygen-cesium photocathodes
are most often used in work in the

- . near infrared and visible regions of
.0 0 0 the spectrum. Antimony-cesium photo-

.cO+CSAq 0 o i cathodes are used in instruments
which operate in the visible region

Ag . of the spectrum [38].

In addition, the following
Fig. L.5. Structure of a types of photocathodes find employ-
silver-oxygen-cesium ment in various types of photocells:
photocathode. antimony-sodium, antimony-potassium,

antimony-lithium, bismuth-cesium,
antimony-potassium-sodium (multi-

alkaline), antimony-potassium-cesium (multialkaline), copper-
sulfur- cesium, and others. Depending on the thickness of the
layer, the badkings of the photocathodes are divided into solid
and semitransparent. With the latter, the thickness of the
backing layer is reduced practically to zero and the photocathode
operates on transillumination.
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We note that the increase in the sensitivity of the photo-
cathodes by means of a reduction in the operation of the output
causes a sudden increase in the thermionic and cold (autoelectronic)
emissions when, under the influence of the ambient temperature and
the intensity of the field, an electron current arises at the
surface of the photocathode in the absence of an incident flux.,

A modern photoemissive cell is a glass envelope out of which
the air has been pumped. The photocathode is deposited on one
of the walls of the envelope. 'The role of the anode is accomp-
lished by a metal plate or ring located in the center of the
envelope.

A supply voltage is applied between the photocathode and the

anode. With the incidence of radiation flux on the photocathode,
photoelectrons are knocked out of it. Under the influence of

the applied voltage, they flow to the anode and cause the
appearance of a signal across the load resistance. The amount of

supply voltage depends on the design of the photocell, and can
reach 300-400 V.

Depending on their purpose, photocathodes are made from
various materials which also determine the region of spectral /99
sensitivity of the photocells. In this regard, the short-wave
limit of sensitivity is determined by the transparency of the

envelope material and the long-wave limit by the work function
of the photocathode. The characteristics of the relative spectral

sensitivity of various photocathodes are presented on Figs. 4.6-

4.8 [20].

sL) Even in the

[ " absence of the irradia-
tion of the sensitive
layer, a dark current

2 made up of the current
of thermoemission of

S0, S 'T the cathode and the
5- I leakage current between

the electrodes flows in
o/1 \ \I the circuit of the

Sphotocell. The values
2 / of the densities of

" 72 the thermocurrents for
various types of photo-

0 0.2 0,3 0,4 O 0,5 0,7 .IpM
cathodes are presented
in Table 4.2 [49].

Fig. 4.6. Graph of the relative spec-
tral sensitivity of photocells with

photocathodes: S2 S3
35 s6
S9 S12
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TABLE 4.2

Photo- Silver- Antimony- Multi Sb-Na,cathode alkaline andcathode m cesium alkaline Sb-Na, Cs

Sensitv of 10-11-- 13 10-14 -15 10-1 -6 10-16
Fhaexcrrenq

The total leakage
SM current depends on the

amount of area of the photo-
87 cathode. It can be reduced

by a reduction in the area

S:; and the cooling of the
SSI photocathode.

- The value of the
second, more significant
component of the dark

z-\ current (leakage current)
0\ between the electrodes

o0 depends on the resistance
0,2 L j 0 r " 5 3,7 0,s 0,9 ; -- of the insulation of the

material of the envelbpe and
Fig. 74'7. Graph of the relative base. With the presence
spectral sensitivity of photcells of a base, the total
with photocathodes: leakage current for the

S1 S7 base agd glass of the envelope
Sl is 10- -10-7 A. This

component can be reduced
either by increasing the

distance between the cathode and the anode or by introducing a
protective ring [38].

Usually, a reduction in the influence of dark current is /101
also attained by the modulation of the radiation flux and the
use of alternating current amplifiers. However, its influence
cannot be completely excluded since, in working with small cur-
rents, it determines several types of noise and, consequently,
the threshold sensitivity of the photocells.

External and internal noises are distinguished. The reasons
for external noises may be inductions from ektraneous fields,
vibrational noises, and so forth. They can be reduced to the
minimum. External noises which cannot be eliminated include
radiation noise which arises due to fluctuations in the radiation
which falls on the receiver. For a radiating body with area A
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I ' • having a blackness co-
/ \ " efficient e, fluctuations

4 S7 7 , \ in the power of radiation
/ I are determined from the

065. formula

04 / .. ..
S\ where K is the Boltzmann

I,7 2 0, 4 0,5 ',5 n 7 0,8 AIm:' constant; Af is the width
of the frequency band.

Fig. 4.8. Graph of relative spectral
sensitivity of photocells with photo- We find the noises at

cathodes: the output of the receiver

S4 S8, caused by the radiation

S13 S15 noises of the emitter
from the expression

'=S1 / =S/8kTAf7.1 (4.48)

The internal noises of the photocells are basically non-
removable. Their origin is explained by the corpuscular nature
of light and electricity. The internal noises of the photocell
itself are the noises of the shot effect and the scintillation
noise.

Inasmuch as an electric current is an electron flux, i.e.,
a flow of discrete particles, and the value of the current is
determined by the number of these particles, by virtue of the
fluctuations in the number of particles with time the noise of the
shot effect arises. The mean square value of the current of the
shot effect is found from statistical considerations and is
calculated from the Schottky formula

(4.49)

where e is the electron charge; i0 = it + ifc is the total current
of the photocathode; ifc is the constant component of the photo-
current; id is the dark current.

The scintillation noise (flicker effect) is caused by the
fluctuations in photocurrent due to the inconstancy of sensitivity
with time. This inconstancy of sensitivity is called the random
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changes in the emission of the photocathode. The processes which
cause a change in emission proceed slowly. Therefore, the scin- /102
tillation noise is manifested only in the region of low frequency
where it can exceed the level of the shot noise by approximately
an order of magnitude. This noise drops with an increase in
frequency. The equation for the scintillation noises has the form

A*s 2e! I BI ),1 (4.50)
c Aps

where B is a constant which characterizes the nature of the
photocathode; Apc is the area of the photocathode; fsc is the
frequency.

Along with the intrinsic noises of the receiver, noises
arrive at the input of the amplifier which are caused by fluctua-
tions in the volume density of the current carrier in the material
of the load (input) inmedence and the shot effect of' the anode
current.

The noise of the input impedence of the amplifier is the
thermal noise connected with the thermal motion of the current
carrier in the material of the substance. The mean square value
of the thermal noise caused by the chaotic motion of the electrons
in the conductor can be calculated from Nyquist's well-known
formula:

i L= 4kT R (f)df,
fl (4.51)

where R(f) is the function which describes the dependence of the
conductor's resistance on the frequency.

With R not dependent on frequency

,',, = I4k T PYf o r (14.52)

The noises of the shot effect of the anode current of an
electron tube (primarily tubes of the first stage of an amplifier)
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are similar to the noise of the shot effect of the photocathode.
In practice, this noise component is not great and is considered
by the introduction. into the calculation of an equivalent
resistance Req in the grid circuit of the tube which creates a
noise equal to the shot noise of the tube. Then the total noise
introduced by the amplifier will be

4kTAf
U2  = 4kT(R +load Req)Af or i2 = • (4.53)
ampl ad Rload + Req

The total mean square value of the noise acting on the output
of the amplifier is expressed through components independent of
each other by the formula

tampli (4. 5 4)

With the detection of small radiation fluxes modulated at a /103
comparatively high frequency, components i-- and Ais-c  can be
disregarded. Then

( 2 2e!o4kT-_ \Af
Rload eq /

or, approximately considering that Req << Rload

j l2i oad/ ( 4.55)

In this formula, the first term of the sum under the radical
characterizes the intrinsic noise of the photocell, and the second
characterizes the noise introduced by the amplifier.

In accordance with the definition, the luminous threshold
flux of the photoelement can be calculated by the formula
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_T 1(4.56)

where S9 is the luminous integral sensitivity of the photocell
measured in A/lm.

Here substituting the value / -- 2n, from (4.55), we find

F -= ( oad (4.57)
t sX "

If the constant component of the photocurrent is small in
comparison with the dark current, which is valid with the
operation of the photocell with luminous fluxes close to the
threshold flux, then

UT2e -- Af
Ft= -Rload (4.58)

With the use of a sufficiently large value of load resistance
Rload, the second term of the radica-nd becomes small in comparison
with the first:

2kT 2kT
Rload << eiT or e << RloadiT (4.59)

2kT
At room temperature -7- - 0 05 V. Thus, if the measured photo-

current creates a voltage drop which considerably exceeds 0.05 V
across load resistance Rload, the noise of the amplifier in
comparison with the shot noise of the photocell can be disregarded.

Then, the threshold flux of the photocell will be /105

Ft= 1 -F s (4.60)

Condition (4.60) is satisfied if id = 10-8 A and Rload = 108 ohms.
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Selecting load resistance Rload, one should consider the limi-
tations imposed on the upper frequency limit of the input capaci-
tance Cin of the amplifier. This frequency depends on the value
of the product RloadCin and is determined from the expression

1
u = RloadCin 2 w (4.61)

with Rload = 108 ohms and Cin = 30 pf fu = 50 Hz. Such frequency
modulation of a radiation flux may prove to be insufficient.
Then, depending on the value of Rload, the threshold flux is
calculated either from formula (4.58), where both noise components
are comparable with each other, or from the formula

F= 2 /kT/R oadAf (4.62)

2kT
for the case of idRload <<

The basic characteristics of the photocells are measured
from their response to a luminous flux of a standard source"A
with T ='2848K. Therefore, in reference books, their integral
sensitivity is given in A/lm, and threshold flux in Im.- The
characteristics of several standard vacuum photocells are pre-
sented in Table 4.3.

From the table, it can be seen that the greatest integral
sensitivity is possessed by antimony-cesium photocathodes;
however, they operate in a comparatively narrow band of the
spectrum [38]. With the expansion of this band, as occurs with
composite photocathodes, their integral sensitivity decreases.

Sometimes, to raise the integral sensitivity of the photo-
cells, recourse is had to the amplification of the primary photo-
current. At present, two general methods exist for increasing
the sensitivity of the photocell within the instrument. In the
first of them, this is attained with the aid of the ionization
of an inert gas with which the envelope of the photocell i filled
(gas-filled photocells), and in the second, through the use of
the phenomenon of secondary electron emission (photomultipliers).

In gas-filled photocells, the photoelectrons which have been
knocked out of the photocathode, on collision with neutral gas
particles, cause their ionization. As a resilt, an increasing
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TABLE 4.3

Band of Integral sensitivity
Region possible ... A/lm Number
of spec-posi- Opera- of spec-

Photo- Photo- tral tions of ting Dark tral
cell cathode sensi- maximum vol- Mini- current charac-

tivity spectral tage, mum Nominal Maximum teristic
sensitiv- V
ity, m ...

STsV-4 Sb-Cs 0.40-0.60 0.45-1:0.05 300 80 with 240 170 1.10-7 ,S'2

STsV.51 Sh--Cs 01010--0,60 0.45:10.05 300 80 with" U--24010 140 11-8 S 2

F-I Sb-Cs' 0,215-0,60 0.38 ± 0.05' 100-300 70 with U=100B 130 with U-804 S 3100 110-14

F-2 S b -- Cs 0.30-0,60 0 .39 ± 0 .05  100-300 15 wih U100B30 70 1.I 0-8 S 6

F-3 BI-Ag-Cs 0.32-0,75 0.50±0.05 ,50--100 40 wi U115 with USo .:7
.. 70 115 1.10-9

F-5 Ag-O-Cs 0.60-1.10 0.80 -0.10 100-300 0,62 i4) 77 (0,05) 14 (0,4) 7.5. 10-11 S
L_ _O - _ 0.77 0,11024) 0,77 (4 7.5.10- 1 S

F-6 BI-Ag-Csq 0.32-0.75 0.5010.10 100-300 40 with UL I00B 80 th, U=30B
F 50 1.10-11 S

F-8 Sb--CA 0.40-0.60 0.45±0.05 300 - ith h- U---150t IlO-. 'I. S 2

F. 9  S-ithU=601Na-C K-- 0.30-0.85 0.43±0.05 00 -- 80 - I0 1 S II

TsG-4 Ag-O-CR 0.60-1 .10 0,80±0,10 240 100 2 00 400 1.0-7 S'I

' C)



cascade of electrons will move from the cathode to the anode and, /106
in the reverse direction, a flux of positive ions. This causes
an increase in the current in the circuit of the photocell and a
raising of its integral sensitivity.

A natural advantage of gas-filled photocells in comparison
with ," vacuum photocells is their large integral sensitivity.

The shortcomings of these photocells include their greater
inertness, the absence of a saturation current [38], and the
dependence of their parameters on the fluctuations of the applied
voltage caused by this, and also the possibility of the appearance
of nonlinear distortions with the modulation of the incident
radiation flux. The characteristics of one of the models of gas-
filled photocells are presented in Table 4. 3 .

The other method. of. increasing sensitivity ----the use of
secondary electron emission -- moreover permits reducing the
effect of thermal noises in the load resistors. This method is
realized in the photomultipliers.

In a photomultiplier, the
e ;ey electrons emitted by a photo-

cathode go under the influence
of an electrical field not to
the main but to intermediate
anodes (emitters) between which
an accelerating field is created

S ez le (Fig. 4.9). The ratio of the
number of electrons emitted by
the emitter n2 to the number of

Fig. 4.9. Operating principle electrons which fall on it nj
of a photomultiplier. is called the coefficient of

secondary emission

n2
me =

nl

The values of the coeffficient me for several materials are
given in Table 4.4.

In accordance with the number of amplification stages, which
correspond to the number of emittes, single-stage and multi-
stage (Vhotomult.ipliers) (PM) are distinguished.

Emitters with 10-14 stages which are employed in contemporary
photomultipliers assure a current apmlification which reaches

110



106 -108 . In the first approximation, the amplification coefficient
of a PM is determined as M = mn, where n is the number of stages.

TABLE 4.4

Material NI Cu,Q Cu-Be Ag-Be Cu-Al Sh-Cs MgO BeO

me. 1.27 1.19-1.25 2.6 2.6 6.8 5.9 3.8-3.9 3.9-43 I
.E1ectron 500.10-7 500.10-1 2006. 106o1 200.16.10 -192 46o.6.10-19200.16.10-19100-1.6. 10-19 001.6.10-19qenergy, J |

The threshold sensitivity of a photomultiplier is higher than
that of photocells and is limited by darkcurrents and noises.

In photomultipliers, just as in a photocell, with the supply
of the power supply voltage and the absence of illumination, a
dark current flows in the anode circuit. It is the sum of the
following components:

- The current of thermo-ionic emission of the photocathode /107
and the first emitter amplified by the multiplier system;

- Autoelectronic emission of the electrodes;
- Feedback currents (optical and ionic).

The values of the thermocurrents of photocathodes are pre-
sented in Table 4.2.

If w9 co sider that the amplification coefficient of a PM
equals 100-109, the dark current in the anode circuit of a PM with
different photocathodes can reach rather large values (up to 1 PA).

Leakage currents in PM are caused by the conductivity of films
of excess metal which condense on the glass of the envelope and
the interelectrode insulators and also by films of contamination
and moisture on the external surface of the envelope. Reductions in
leakage currents are achieved by fastening the anode on special
glass insulators separately from the emitters.

The raising of the stage voltages causes an autoelectronic
emission at points of the closest. appro'ach-of lectrodes'.
This emission is often accompanied by the ionization of cesium
vapors (discharge) and the appearance of scintillations. With
large power supply voltages, such discharge scintillations cause
sudden surges of anode current and the unstable operation of the
photomultiplier. Autoelectronic emission can be avoided by the
selection of the power supply voltage.
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Photons appear with the discharges and luminescence within
the PM. If they fall on the photocathode, optical feedback arises.
Simultaneously with the luminescence, positive ions appear which
fall on the photocathode. They cause ionic feedback. Both feed-
backs lead to a sharp increase in the anode current.

The exclusion of the last component can be attained; however,
the first two remain. The dark current which they cause and its
fluctuations are one of the factors which determine the threshold
sensitivity of the PM. As other factors, we can point to external
and internal noises, similar to the noises of the photocells. As
applicable to the PM, the basic types of noise are shot current /108
and thermal noises of the load resistors. The remaining compo-
nents can be disregarded under actual conditions.

Since in photomultipliers the current of the shot effect of
the photocathode is amplified in each stage on a level with useful
signals, with consideration of the shot current of the first
emitter at the output of the first stage, we will have

'1=(is me +2elAf, (4.63a)

where is = 2eiAf is the current of the shot effect of the photo-
cathode; mle is the amplification current of the first stage of
the PM; 2eilAf is the current of the shot effect of the first
emitter; ii = imle is the current of the first emitter; i is the
current of the photocathode.

Expanding the first component in (4.63a), we find the current
of the shot effect at the output of the first stage

=2el f e . mi i  (4.63b)

It can be shown that the shot current at the output of the second
stage will be

12 ,= m ±me(1 +m 2e+ mm,d,

and at the output of the n-th stage
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I neM(n-1)e . . Mie).

If we consider that mle = m2e = ... = mne = me and me = M,
then for the calculation.of the mean square shot current at the
output of the n-th stage, we obtain the expression

Tn+ -1'
g= 2ei&fM m  (4.6 4 )

m,--1

Inasmuch as m + 1 >> 1, expression (4.64) is transformed to
the type

I=2eAfM'2
m r-1 " (4.65)

In the ideal case, where the shot effect on the emitters is
absent, there is no multiplier me/me - 1 in (4.65). Under actual
conditions, the shot effect of the emitters has an'ihfluence on
the value of the shot current of the multiplier and is considered /109
by the factor (1 + B) = me/(me - 1), and then

= 2eiAfM (1+ B). (4.66)

In photomultipliers with electrostatic focusing, the value of
the factor (1 + B) fluctuates within limits of 1.5-3 and is taken
as equal to 2.5.

The thermal noise on the load resistance of the PM is
calculated from formula (4.52).

Then the mean square value of the total current on the ampli-
fier imput will be

12 = = 2eifM +B)+ 4kTAd (4.67
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In this formula, just as in (4.55), the first component
characterizes the intrinsic noises of the photomultiplieri and the
second, the noise introduced by the amplifier.

By analogy with (4.65), the luminous threshold flux of the
PM is determined by the expression

t s (4.68)

where S1 is the integral sensitivity of the photomultiplier
measureXMin A/lm.

Substituting in this formula' the value In from (4.67), we
obtain

2 [eiAf12(1 + B) + 2kTAR( .fi . (4.69)

It can be shown that in actual circuits, for the majority
of the photomultipliers, the second component of the radicand is
sufficiently small in comparison with the first, i.e., the
condition is satisfied

2 - >>eiM'(I+B) (4.70)
. oad

or

2.. << RloadiM2(1 + B).

Actually, if i = 10-10 A and M = 105-106, the indicated con-
dition is satisfied with Rload:> 10 ~105 ohms.

Disregarding the second component (thermal noises) from (4.69),
we have the expression for the threshold flux of the PM

F 2eifAM2(l +B)

SIM (4.71)
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It is completely obvious that the detection and measurement /110
of small fluxes commensurate with the threshold values is limited
by the dark current in comparison with which the constant com-
ponent of the photocurrent can be disregarded, then

F = / /2eiil(1+ B)Af
Ft-- s-. (4.72)

PM

The obtained formula is basic for the calculation of threshold
sensitivity (threshold flux) of the photomultipliers.

The values of the anode dark current are presented in reference
books and certificates for photomultipliers, and formula (4.72)
includes the dark current of a photocathode, which are inter-
connected by the relations

Id = idM or id = (.73)

Similarly connected are the integral sensitivities of the
photocathode and the entire PM

SpM = SPCM. 14.74)

With consideration of (4.73) and (4.74), from (4.72) for the
calculation of the value of the threshold flux,of a photomultiplier,
we obtain the relations with transmission band Af:

F,= de (I -- B) A / 5/Af
t sp s, s_ (4.75)

and with a unit transmission band (Af = 1 Hz)

iF1) 2; (I + B) 5,V

'McOM pz t (4.76)
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For example, for the FEU-31 photomultiplier for whioh .
SPC = 20 A/lm,

SPM = 10 A/Im, Id = 5.10-7 A,

we obtain,

Et)= --. -4,5-10-n lm-Hz " /2
10-20-10-'

When the modulated luminous flux is discovered against the
background of a constant flux Fqonst (illumination of the photo-
multiplier) which creates a noticeable constant component of the
photocurrent Ifc, the threshold value of the modulated luminous
flux can be calculated from the formula

2(1 d+ fe(1 +B) Af 5( + M.FConist eAf>
tPM Spc PMSC ( 77)

If we express the luminous flux of the constant illumination /111
Fconst by the value of the threshold flux of the PM in accordance
with the standard emitter Fs.t:

Fconst = bFs.t,

where b is the coefficient for the reduction of the luminous flux
to the flux of a standard source, then after several transforma-
tions from (4.77), we obtain the expression

F51tf Af I 5bJtSMeAf

SPC (4.78)

S . tv + Id

which permits calculating the threshold flux of the photomultiplier
on the detection of a modulated or pulsed signal against the
background of permanent illuminations.
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The characteristics of several models of standard photomulti-
pliers produced by Soviet industry are presented in Table 8 of
the appendix.

4.4. Photoresistors

Semiconductor instruments whose action is based on the
phenomenon of photoconductivity (change in electrical conductivity
with their excitation by a radiation flux) are called photo-
resistors.

The electrical conductivity of semiconductors depends on the
number of free electrons and holes formed in the basic.zone as a
result of the passage of electrons into the zone of conductivity.
Such passages are caused both by the absorption of quanta of
radiation energy which is accompanied by the appearance of photo-
conductivity and due to the chaotic thermal motion of the electrons
which causes dark conductivity.

Photoconductivity may arise only under the condition where the
energy of the radiation quantum hv is sufficient for an electron
to overcome the forbidden band

hv > AW, (4.79)

where AW is the width of the forbidden band in J.

From this relation, it follows that the long-wave limit of
sensitivity which corresponds to the least frequency v0 = AW/h
for photocondu.ction lies in the longer-wave portion
of the spectrum than for photoemissi.on since, for the accomoD.
lishhment6of the latter, it is necessary for the electron to im--
part additional energy to overcome the potential barrier. Among
the semiconductors, there are - materials whose photocon- /112
ductivity begins with extremely small quantum energies (radia-
tion with wavelengths of a few dozen pm).

Data on the width of the forbidden band and the long-wave
limit of sensitivity of several semiconductors are presented in
Table 4.5.

Semiconductor materials are used for the making of sensitive
layers of photoresistors in the form of polycrystals, pure single
crystals, or single crystals with additions of alloying admixtures.
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TABLE 4.5

Semiconductor PbS
Se PbS PbSe PbTe

material

Width of for- 1,55X 0.4 1.6.10-19 0.25X 0.34X
Rwdd"n band _ 1.610-19 x1.6.10- 9  x1.6-10-1 9

Long-wave lim- 0.8 3.1 5,0 3.65
it of sensi-
tivily L0, m

Continuation

Semiconductor-
material InAs InSb Ge Ge-Au

Width of forbid-
den band, AW, J 0.31 .6-10-19 0.26X .0.7X 0.15X

-x1- -10-19 X 1.6 10-19 1. 6. 10-19

Long-wave limit 4.1 7.8 1.8 - 8.2
-of sensitivity -

The design of a photoresistor is

presented in Fig. 4.10. To protect the
-1 2 photoresistor from the external influences,

the filet to the housing is covered by
Sa protective window of a material which
S - is transparent in the required band of

the spectrum. Sometimes, the role of
S-5 the protective plates is fulfilled by

special filters. The diagram of the
b photoresistor presented on Fig. 4.10

reflects only the principle of its design;
the constructional formulation of real

Fig. 4.10. Diagram of models of photoresistors is extremely
the design of a photo- varied.
resistor: 1. pro-
tective window; 2. The spectral sensitivity of photo-
housing; 3. contacts; resistors, depending on the material used
4. sensitive layer; 5. for the sensitive layer, lie's within /113backing; 6. leads. very broad limits from the visible to the

far infrared region of the spectrum.

The threshold sensitivity of the photoresistors is limited
by the noises inherent to them, to which thermal, generation-
recombination, current (1/f - noise), and radiation (photon)
noises pertain.
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Thermal noise is caused by thermal fluctuations in the con-
centration of the current carriers and is manifested in the form
of random fluctuations in the voltage across the leads of the
photoresistor. The mean square value of the thermalnoise is cal-
culated from formula (4.52).

Generation-recombination noise arises as a consequence of
fluctuations in the number and lifetime of the current
carriers which appear in the sensitive layer of the photoresistor
with its excitation by an incident radiation flux. The nature
of this noise is similar to the shot effect of electron emis-
sion. At frequencies comparable with the value 1/2Tc, the
dispersion of the noise current is described by the formula

12 =4elo A f
gr s 1 (2nfrc)2

where e is the electron charge; In is the mean value of the current
which flows in the circuit of the photoresistor; Tais the life-
time of the carrier; Ts is the time of drift of the carrier
from one electrode to another.

In the frequency interval where f << 1/27Tc, the generation-
recombination noise is white

g-f4eI -- Af.Ts.

Sometimes [51], this type of noise is considered one of the
components of current noise. In practice, neither the magnitude
nor the frequency spectrum of the noise agrees exactly with the
conclusions of the theory.

The true value of the noise considerably exceeds (sometimes
by 2-3 orders of magnitude) the calculated values of the thermal
and generation-recombination noise. This excess noise is called
the current or 1/f-noise.

It is assumed that its composition includes modulation noise
and contact noise, and sometimes generation noise pertains here
(with frequencies comparable with the value l/ 27Tc).

The modulation noise is described by the relation

U2=A -1f,
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and the contact noise depends on the quality of the contacts and /114
is expressed in the form

U IA. R2

c c J

where AM and AK are constants; R is the resistance of the sensi-
tive layer of the receiver.

Inasmuch as 5 + 2 and +- 1, we take as the expression of the
current noise

p 'i (4.80)

where AT = 10-11-10- 1 3 is a constant whose value is determined
for each type of receiver.

In the calculations, a number of additional relations are
used which can be obtained if, on the basis of the presented
information about the current noise, we consider that the function
of spectral density for it is described by the expression

G(f)
/ (4.81)

where

C = A12<2.1

The mean square value of the current noise is found from the
equation

I= G(f)df clnf 2  (4.82)

Inasmuch as in the measurements of the characteristics of

photoresistors the radiation flux is modulated with frequency fo,
from (4.82), we obtain
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~-==-c fin. (4.83)

If the receiver is connected to the input of a circuit with
a narrow-band filter, i.e., Af is small, then within the limits
6f this frequency band the function of spectral density of the
current noise can be taken as constant and equal to G(f0 ) = c/fo;
then, from (4.82) we have

=- &f( 1 (11.811)

Thus, the expression presented earlier for current noise is
valid as applicable to a narrow frequency interval, and with a
wide frequency band, it is necessary to use relation (4.83).

The mean square value of current noise in the band Af = l:Hz, /115
on the basis of (4.84), will be

Af 11rfo (4.85)

Thus, the mean square value of the current noise in a narrow
band must be calculated by the formula

/U= v 7,, (4.86)

and in a wide frequency band, the relation

yA f i (4.87)

must be used.

If the frequency of modulation of radiation flux fM in an
actual apparatus differs from the frequency of modulation f0 on
which the measurement of the characteristics were conducted, then
on the basis of (4.84), we can write

C C)=-= fo U (fo
fm (4.88)
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The obtained formula permits calculating. the current noise
with a new modulation frequency from the value of the noises at
a given modulation frequency.

The value c is often determined experimentally,
using formula (4.84), from which

C--4
Af (4.89)

With the given measurement conditions (values Af and f0 are
known), we experimentally determine the mean square value of noise
U and from formula (4.89) we calculate the constant c.

1

Besides the noises examined, the threshold sensitivity of
the photoresistors will be influenced by radiation noise caused
by random fluctuations in radiation flux and causing fluctuations
in current or voltage in the receiver circuit. If the temperature
of the emitter on which the receiver operates is T kelvins, the mean
square value of fluctuation of radiation flux 0 falling on the
receiver, on the basis of (4.47), equals

A-2=8kTAf4. (4.90)

Inasmuch as the temperature of the sensitive layer of the
photoresistor Tpr > 0, and it itself is the emitter, the total
value of the fluctuation of radiation flux will be

A = 8k (T O Tprp Af ( 4.91)

The mean square value of the voltage due to radiation noise /116
can be calculated from the formula

1/A = S -S/8k (T ,Tpr Af (4.92)

In general, all indicated noises cause voltage fluctuations
at the input of the amplifier, the mean square value of which is
determined as

i l/ rUi= / sSQ? "+u+U2.

(4.93)
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It has been established that-at low frequencies (up to tens
of kHz), in the majority of cases, thermal noise is small in
comparison with current noise and need not be considered in cal-
culations. Then

(4.94)

With frequencies in tens of kHz and higher, the main noises
will be thermal and radiation noises. In many cases, with low
modulation frequencies we can disregard the component caused by
radiation noise. Therefore, in practice, current noises are often
considered the basic noises of the photoresistors. In this case,
for the solution of the problem of which noises can be disregarded
and which should be considered in the calculation of threshold
sensitivity, it is necessary to know their spectral distribution.
A typical dependence of the mean square noise on the frequency of
modulation of radiation flux is presented Fig. 4.11.

Current noise predominates in the
region of low frequencies. The limit of
this region fl lies within limits up to

1 1000 Hz. In the frequency band up to tens
of kHz, generation-recombination noise is
predominant, and with frequencies of tens
of kHz and higher, the basic noises will
be thermal and radiation.

Si, The characteristics of several types
of general-purpose photoresistors produced

Fig. 4.11. Depen- by industry are presented in table [20].

dence of mean squarenoise of a receiver The frequency iesponses for a

on frequency. number of models of photoresistors which
are presented in the tables in work [20]
are shown in Fig. 4.12, and the character-

istics of relative spectral sensitivity of these receivers are
given in Fig. 4.13.

To raise the sensitivity of the photoresistors, recourse is
had to a reduction in the equilibrium concentration of the
current carrier by means of the deep-freezing of the photosensi-
tive layer. The parameters of photoresistance during cooling
change rather significantly. Thus, with lead sulfide photo-
resistors, depending on the degree of cooling of the photolayer,
the long-wave limit of sensitivity is shifted to the -right up
to 4-5 Pm (Fig. 4.14), the dark resistance increases considerably,
and the time constant increases.
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A0 -The cooling of the sen-
sitive layers of the photo-

7 resist-ors can be accomplished /117
by special coolants having a
sufficiently low temperature
of melting or evaporation.

!- Various substances are used as
Y 4coolants which are in a liquid

Sor solid state; dry ice,
0 1 liquid nitrogen, liquid air,

1 00 Wo oo and liquid helium, whose
Sa temperatures of evaporation are

Fig. 4.12. Frequency character- respectively 195, 90, and 77K.

istics of photoresistors: 1. In cooling' the sensitive

FS (photoresistor; PK) K-l; layers the photoresistors are

2. PRK-2; 3. PRA; 4,5. PRK-M1; .fastened in theinner cavity
6. PbSe; 7. CdSe; , ,kHz. of a Dewar vessel

(Fig. 4.15) in which a specific
quantity of cooling substance

is placed during operation. Heat removal from the receiver is
accomplished with the use of a metal screen.

PRK-4

00,8-

-RK-2M

45 42 4, 4 5 460, 4,7 0,8 0,9 ,1 0m 4 6 0 4 s ,s 4,0 0p5

PbSe

4s. P 1,5 2,0 2,5 ,0 .5 4,o 4,S 40 45 50 A:f
c)

Fig. 4.13. Relative spectral sensitivity of photoresistors:
a and b - for the short-wave region of the
spectrum; c - for the long-wave region of the

spectrum
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A)t Besides the indicated
method, the sensitive

: / \ layers are cooled by means
1 / 2 J of the exparsion of gas

/461s' dnder high pressure..
i / The cooling of the photo-

04 / resistor to the required
temperature will occur under

,- the condition where the
\ i temperature of the expanding

--. gas is lower than the temper-
2 4 Am ature of inversion. In this

Fig. 4.14. Change in spectral sen- case, the gas expanding-
sitivity in the cooling of a sensi- in the cavity will be

tive layer: 1. PbS (293K); 2. PbS cooled itself and will cool

(195K)); 3. PbS (90K). the sensitive layer of the
receiver and the gas brought
up to the cavity. The in-

dicated process will continue until the
establishment of a state of equilibrium
in which some quantity of liquified gas
will always be located on the sensitive
layer and the temperature of the layer will
equal the evaporation temperature of this
gas.

The thermoelectric method based on /119
the Peltier effect may also find applica-

Ir tion for cooling the sensitive layers.
,KoaopC Especially intensive cooling occurs at

soldered joints which consist of electronic
Y6-,d- and p-type semiconductors. One stage of
i such a cooling device provides a temperature

drop of up to 50'K. With the use of several
eca~n stages, a temperature drop of up to 150'K
(gO) can be achieved.

Fig. 4.15. Diagram
of the design of a 4.5. Photodiodes and Phototriodesof the design of a
cooled photoresis-cooled photoresis- Photodiodes are based on the use of

one-way conductivity of a p-n junction.

Key: a. Protective They can operate both in a valve mode

window (MgO); b. (without an external power-supply source)
sensitive element, and in a photodiode mode where a con-

(Ge); c. Kovar siderable power supply voltage is applied
in the opposite direction.

The operating principle of a photodiode consists of the following.
When the photodiode is not illuminated and a reverse voltage is
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fed to the p-n junction, a small current will flow through it which

is caused by the minority carrier-electrons in the p region and

the holes in the n region of the semiconductor.

With the illumination of the photodiode (Fig. 4.16) electron-
hole pairs arise on the boundary of the n region. The holes,

being minority carriers
in this region, are

Base- deeply diffused and,
Loa approaching the p-n

junction, are carried
Jt away to the p region.

P i - + The thickness of the
n-region n region must be less

Collec-tor than the diffusion
) b) length and the holes

must reach the p

Fig. 4.16. Design and circuit of power region be.fore recom-

supply of a photodiode: a. diagram of bination. The increase
in the current of thedesign; b. power-supply circuit. in the crrent of the
minority carriers

causes an additional voltage drop across the load resistor.

In operation in the valve and photodiode mode, the photo- /120
diodes are connected to the input of the amplifier in accordance
with the circuits presented in Fig. 4.17. The expression for
the current I in the circuit of the photodiode in the valve mode
has the form [38]

S= p-7 Is (eu RIrT_ 1), (4.95)

where UR is the voltage drop across the load resistor from the current
which flows in the internal circuit; UT = kT/e is the temperature
potential; IS is the saturation current which flows through the
contact junction in the reverse direction; Ip = SP is the photo-
electric current caused by the radiation flux falling on the
sensitive layer.

For the photodiodermode, the current in the outer circuit of
the-photodiode with its excitation by a radiation flux will be
determined by the equation
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where U is the voltage of the external source.

The obtained equation
IC provides the possibility

IF of constructing the
loadp oad characteristic of the photo-

diode with different values
L "of incident radiation ¢.

If D-=*.0, we obtain the
0). current-voltage characteris- /121

tic which is called dark
Fig. 4.17. Diagram of the connec- (Fig. 4.18). However, under
tion of the photodiodes: a. in actual conditions the opera-
photodiode mode and b. in valve mode. tion of the photodiode is

influenced by the current
of thermogeneration in the
region of the junction which

rIIev depends on'the value of
r e 2 reverse voltage and is

1 ?4 rdetermined by the expression

S1 Urev

Varb
ta Ip = kp r, (4.97)

Fig. 4.18. Characteristics of a
photodiode: 1. ideal; 2. actual where kp is the proportion-
characteristic of a dark current of ality factor.
a photodiode.

Therefore, the actual
characteristic of a dark

current has some slope. With some voltage Uarb, an irreversible
thermal breakdown occurs in the p-n junction. Because of this,
the photodiodes operate with voltages which are considerably less
than the breakdown voltages.

The basic characteristics of the photodiodes are evaluated
from the influence of the luminous flux or radiation flux, and
the current of the photodiodes is taken as the response.

The threshold sensitivity of the photodiodes depends on the

level of the fluctuation signal caused by the intrinsic noises,
pertaining to which are shot, thermal, current and radiation noises.

The nature of shot noise was considered above. The expression

which determines it has the form
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I2 2elAf,
S

where I is the current which flows through the photodiode.

The thermal moise of the photodiode is considered as
applicable to the resistance of the basic semiconductor (base)
Rb. The mean square value of the current of this noise will be

Id = 4kTR- Af. (4.98)
d 6

One of the basic components of the total noise current of the
photodiode, especially with low frequencies of modulation of the
radiation flux, is the current 1/f-noise.

It is believed that this type of noise is caused by fluctua-
tions in the surface leakage of the current. The mean square
value of this component is determined by the expression

S I (4.99)

where U is the reverse voltage applied to the photodiode; A is /122
the proportionality factor.

The radiation noise can be calculated from formula (4.48).

The mean square value of total noise current will be

12-=12 112 _L 1 2= 2elIf +n- sd r
--- (4.100)

4kRy' k f A 1 +8kTDS2 Af.

Let us note that the first three components are the basic ones,
and in the region of low frequencies the main role is played by
the noise current which, with an increase in frequency, is
reduced to the level of white noise. In this case, the position
of the boundary of predominance of noise current depends on the
design and manufacturing technology of the photodiode. Thus, for
example, the noise spectrum of a photodiode of indium antimonide
(InSb) has a drop of excess noises to the level of white noise at

a frequency on the order of 1 kHz (Fig. 4.19).
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C .The threshold flux of photo.-
ao 8diodes can .be calculated from

46 formula (4.68)

M-2

o 0.02 0,1 1.0 10
Z Frequency, kHz/

Fig. 4.19. Noise spectrum
of a photodiode of indium With the detection of small
antimonide (InSb). light signals modulated with a high

frequency, the threshold sensitivity
of the photodiode depends to a con-

siderable degree on the value of the dark current which, in this
case, causes the.shot noise.

The dark current of a photodiode in the working range of
voltages is considered constant. It is measured with small reverse
voltages (usually with 1 V). The value of the dark current is
sometimes characterized by the initial static resistance Rst = 1/Id
(resistance to a direct current with U = 1 V). The value of the /123
static resistance strongly depends on temperature

(4.101)

where Rst0 is the initial static resistance with temperature TO;

*B= TITn and R2 are the resistance at temperatures T1

and T2.

The dependence of the static resistance of a photodiode on
temperature is presented in Fig. 4.20, and the nature of the
change in dark current with increase in the temperature of the
junction in Fig. 4.21.

The basic materials used to manufacture photodiodes are
germanium and silicon. There are indications that gallium arsenide
and germanium with gallium arsenide are also used for the creation
of photodiodes [51].

The characteristic of the relative spectral sensitivity of
photodiodes is shown in Fig. 4.22. All these photodiodes operate
without cooling.
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R kQ In addition, work 147] describes
480 photodiodes on a base of .such- semiconductor

materials as InSb, InAs, CsSe, and others.
24 Rather deep cooling (to 77K)' is required
Io for their.normal operation. The time
0 constant. T of these photodiodes is ex-

2 7 293 313 TI- tremely small and does not exceed 2 us.

Fig. 4.20. Depen- They possess high sensitivity in a broad

dence of static band of the spectrum, which can be seen from

resistance of a the characteristics of relative spectral

photodiode on sensitivity presented in Fig. 4.23.

temperature. The direction of motion of the current
carrier, can be used for the'creation of one

more group of photoelectric
receivers -- phototriodes. In

.. A- these instruments, with their
II 0o irradiation with a radiation flux

800 0 -0 the photocurrent not only is /124
a P.10 induced but is also amplified.

600 0 ----- I Therefore, the integral sensitivity
0 0

400 " e of the phototriodes reaches
S4 several amperes per lumen.

---- The spectral characteristics
S03SJ~ 32J 73 J33 353 363 J7 T:I of phototriodes are determined

by the same factors as with photo-

Fig. 4.21. Dependence of a diodes. Their threshold sensi-

dark current of germanium and tivity depends on the level of

silicon photodiodes on the noises which have the same

temperature: 1. with F = nature as those of photodiodes.

0.005 lm; 2. with F = 0 lm. The threshold flux of a photo-
triode is calculated from the
formula

Ga-Az

C, 4 ,

S. Phototriodes can be connected0in accordance with schemes with a
S @ free collector, free emitter, and

S2,0 with a free base. The first
ANym two schemes are similar to the

Fig. 4.22. Relative spectral connection of a phototriode in

sensitivity of photodiodes the diode mode. The connection

for the short-wave region of of phototriodes in the triode mode

the spectrum. differs in no way from the
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S- connection of regular transistors. Most
widespread is the scheme for connection

o.8 with a common emitter.

60.6
Our industry is producing a

I JnS Jns germanium phototriode FT-1 (PT-1). Its

S02 characteristics are presented in the
tables of work [20].

0 2 j 4 5 AJm

4.6. Photocells with a Longitudinal
Fig. 4.23. Relative Photoelectric Effect (Inversion
spectral sensitivity Photodiodes)
for the long-wave
region of the spectrum. With the illumination of a semi-

conductor junction, a voltage arises
between the two regions of the junction.

With the nonuniform illumination of the sensitive layer, along
with a transverse photo-emf, a photo-emf arises which is directed
along the junction. This phenomenon received the name of longi-
tudinal or laterial photoelectric effect.

Fig. 4.24a showsa diagram of an inversion photodiode on a /125
germanium base of the n-type in which a region with p conductivity

has been created by the fusion
of a drop of indium. With the
illumination of the photocell

A on the germanium side,
a transverse photo-emf arises

S 1 2 I 'between the electrode soldered
a) to the indium and electrodes A
1" B and B. If the center of the

light spot which falls on the
3IPt . photocell is shifted relative

2 to the axis of symmetry, a
b) longitudinal photo-emf appears

between contacts A and B, whose
sign changes with the passage

Fig. 4.24. Diagram of a of the light spot through the
photoelement with a longi- center (Fig. 4.24b). The value
tudinal photoelectric effect: of this emf depends on the posi-
a. transverse photo-emf; b. tion of this spot with respect
longitudinal photo-emf; 1. to the axis of symmetry (Fig.
n-layer of germanium; 2. 4.25) and is determined by the
indium; 3. layer of germanium. expression

UX= V1-  = In d+-"
2Wl d-x'

(4.103)
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where V1 and V2 are the potentials of contacts 1 and 2 caused
by the longitudinal photo-emf with the removal of the light
spot to distance x from the center; 2 d is the distance between
the contacts; p is the resistivity of the n region; Z
is the thickness of the n region; and I is the total photocurrent.

The relation for the output voltage across the base electrodes
as a function of the position of the light spot Ux = f(x) has
received the name of inversion characteristic. The appearance
of this characteristic is shown in Fig. 4.26. With small shifts

..of the .sDot..(elati.ve to the center, eauation (4...103) is ~rans-
formed to the form

2n! d (4.104)

2d Light Since in many cases

*v v' x r, I dinal photoelectric effect

- 1 - 2 are used for the recording
Ir of small displacements of
4 the light spot from center,

this expression is extreme-
---- Ux ly convenient for

a)b) practical use.

If we arrange four /126
contacts rather than two
along the edges of the

Fig. 4.25. Photo-emf which arises sensitive layer (two
at the output of a photocell with each on mutually perpen-
longitudinal photoelectric effect: dicular directions), as
a. two-contact; b. four-contact; is shown in Fig. 4.25b,
1, 2, 3. contacts we obtain a two-dimen-

sional photocell which
permits determining the

coordinates of the light spot. The resulting voltages along
the channels equal

Ux-=  1 In r
2.- r2 (4.105)

Q In r3
2/n- r4 (4.106)

Expressions (4.103), (4.104), or, in the general case,
(4.105) and (4.106) are the equations of an inversion photodiode
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M from which we can obtain not only the
values of output voltages Ux and Uy,
but also data on the sensitivity,
linearity, and slope of the inversion

0 2 -' 0 K/d characteristic. From these equations,
it follows that an increase in sen-
sitivity can be obtained by increasing
the resistivity , of the n layer
and reducing its thickness R.

Fig. 4.26. Inversion
characteristic of a Since the photocurrent I depends
photocell with lon- on the value of the radiation flux
gitudinal photoelec- which falls on the receiver, the value
tric effect. of the output signal will also depend

not only on the position of the spot,
but also on the radiation power in

the spot. In this regard, this dependence remains linear
with a change in the incident flux from the minimum (threshold)
values by 3-4 orders of magnitude.

We transform these expressions in the following manner for
convenience in using them. Let us present the photocurrent of
the receiver in the form I = isp (excluding the saturation /127
section) and we introduce the designation

S longStd (4.107)

Then expressions (4.104), (4.105), and (4.106) take the
corresponding form

U =S x;
long (4.108)

Ux=S-- 2 In r
' 2 \r2 (4.109)

U-=Si4T in , (4.110)

where Slong is the sensitivity of a photocell with a longitudinal
photoelectric effect measured in V.W-lmm-1 or V*lm-lmm-l. The
sensitivity of some types of inversion photodiodes reaches
several tens of V.W-lmm- 1 and the linear zone comprises approxi-
mately 20% of the distance between the contacts.

Relations (4.108), (4.109), and (4.110) show that the change
in the strength of radiation in the spot has a substantial
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influence on the value of the output signal which proves to be
proportional to the incident radiation flux D. This effect leads
to indeterminacy since the reason for the change in signal at
the output remains unknown. Elimination of this indetermina.cy is
achieved in various ways. In a number of cases, when the photocell
is used to determine direction to a powerful emitter, the effect
of the saturation of the photocurrent is used. When operating
inasaturation mode, the current of the photocell attains its
maximum value and remains unchanged with insignificant fluctua-
tions in the incident radiation flux. As a result, the signal
at the output will depend only on the position of the spot on the
sensitive layer. However, the applicability of the indicated
method is extremely limited.

In practice, the task arises of determining the direction
to low-power emitters or emitters sufficiently powerful but at
great distances away and emitters the value of whose flux at
the input is clearly insufficient for the operation of the
photodiode in the saturation mode. This task arises in operation
with radiation fluxes close to threshold fluxes. Here, the
change in the dependence of the output signal on the value of
the incident radiation flux is caused by fluctuations in the
radiation flux and also by the change in the distance between
the instrument and the emitter. In this case, the effect of
inconstancy of the incident radiation flux can be excluded, using
the signal from the output of the receiver which is caused by
the transverse photoelectric effect.

For this, suppose that a radiation flux falls on the input /128
of a photocell which is focused by the optical system in the
form of a spot whose center is removed some distance from the
center of the photocell. Then the signals caused by the
longitudinal photoelectric effect at the output of the receiver's
channels will be determined by expressions (4.108) and (4.109).

At the same time, the signal which is read between electrodes
4(3) and 5 (Fig. 4.27) is caused by a regular transverse photo-
electric effect and equals

U = SD (4.111)

where S is the integral sensitivity of the photocell for the
transverse photoelectric effect.

Expressing D from (4.111) and substituting it in (4.109)
and (4.110), we obtain
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n_, S_ 2 u ; (4.112)

In S 2 .S U ,. (4.113)
NS r4  S d U

0 long

4 Similarly, from (4.108) for the linear
zone of the photocell, we will have

Uj x-U. (4.114)

Fig. 4.27. Use of Thus, if the signals over the channels
the transverse caused by the longitudinal photoelectric
photoelectric ef- effect are normalized by the signal of the
fect to compensate transverse photoelectric effect and the
for the change in obtained result is multiplied by a value
value of the radi- constant for the given receiver, we ob-
ant flux which tain information which unambiguously
falls on the determines the position of the radiation
receiver: 1, 2, spot on the sensitive- layer of the receiver.
3, 4, 5, - con-
tacts. What has been presented shows that,on

the basis of inversion photodiodes, electro-
optical instruments can be created which

permit determining the angular coordinates of radiation objects
relative to the zero axis. In this, the sign of the output
signals will indicate the direction of misalignment. Feeding a
constant voltage to the base contacts (1, 2, 3, 4), we can change
the position of the zero point of the inversion characteristic
which is necessary in a number of high-speed electro-optical
instruments. Executing the electronic modulation of the output
signal, in accordance with any given law, we can change the slope
of the inversion characteristic and, consequently, the output
signal, which permits using the photocells in circuits with
alternating current amplifiers (without preliminary modulation
of the radiation flux).

The threshold sensitivity of inversion photodiodes, just as /129
with other photoelectric receivers, is determined by their noises.
The basic components of the noises with this type of receiver
are the same as with regular photodiodes. Furthermore, it is
necessary to consider the zero drift which is characterized by
the amount of displacement of the position of the point of zero
potential under the influence of the change in the internal
structure of the junction, temperature, and humidity with time.

A merit of the photocells with a longitudinal photoelectric
effect, along with the possibility of determining the coordinates
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of the radiating objects with simple instrumental realization,

is the practical independence of the precision of measurement
from the magnitude of the spot of scatter in whose form the
radiation is focused on the sensitive layer.

At the present time, inversion photodiodes are made on the
base of germanium, silicon, selenium, indium antimonide, and
other materials. Their sensitivity sometimes reaches 40 V/(W.mm)
with time constants-,of a.few us. The:threshold fluxes

of germanium inversion photodiodes comprise approximately
Ft % 2.10-9 im.mm for an emitter with T ol = 2848K, and with
silTcon inversion photodiodes, 4t = (4- ) 1 0- 10 W with the
removal of the spot 9.5 mm from the center.

More detailed information on the design, operating principle,
characteristics, and possible applications is presented in [47].

4.7. Thermal Radiation Receivers

The basic representatives of this group of radiation flux
receivers which assure the conversion of the radiation falling
on them to electrical signals are thermoelements and bolometers.

The specific thermo-emf which is characterized by the amount

of emf which arises with a single temperature drop

Uth
Uth (4.115)Usp AT (4.115)

is usually small for metallic thermoelements and comprises
several tens of microvolts per degree.

A thermo-emf also arises in the junctions of semiconductors

A higher specific thermo-emf is characteristic of them, which
is explained by the dependence of the quantity and energy of
current carriers on temperature. Moreover, in thermoelements
of semiconductors, the addition of the emf of electronic and p-
type semiconductors occurs.

The integral sensitivity of metallic thermoelements lies

within limits of from 3 to 5 PV/PW. With semiconductor thermo-

elements, it reaches several tens of pV/pW. The values of the
thrgshold f uxes of the photoelements lie within limits of from
10' to 10- W for any emitter, since the thermo.element is a non-/130
.selective receiver of radiation flux.
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The time constants T of different types of thermoelements
fluctuate from fractions of a second to several milliseconds.

The shortcomings of the thermoelements are their low inter-
nal resistance, great time lag, and complexity of construction
of sufficiently sensitive thermoelements. All this serves as
a serious obstacle for their use in high-speed electro-optical
equipment.

Such thermal receivers as bolometers are finding compara-
tively broad application in various types of electro-optical
instruments, especially where long-wave infrared radiation is
used.

The sensitive layer of a bolometer is a thin metallic or
semiconductor film which is actually a thermistor. Usually, a
bolometer consists of two heat-sensitive resistors. One of them
is receiving and is subjected to the influence of a radiation
flux, and the other (compensation) serves to compensate for the
effect of temperature change of the external environment.

The change in resistance of the sensitive layer of the bolom-
eter with its heating depends on the value of the temperature
coefficient a which is determined by the expression

1 dR
R d ' (4.116)

where R is the resistance of the sensitive layer of the bolometer
at temperature T.

For the majority of metals, the temperature coefficient of
the resistor is expressed by the relation

a = T-1. (4.117)

Therefore, for a temperature of ". 300K, at which bolometers
usually operate, the value of coefficient a with metallic sen-
sitive layers in approximately 0.0033.

The resistance of the semiconductors in somelimited
temperature band follows the exponential law

R=Roe(Bt-BIT),
(4.118)
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where B = 3000K is a positive constant; R is the resistance of
the semiconductor with temperature TO.

Differentiating (4.118) for variable T and substituting
1/R and dR/dT in (4.116), we obtain

Roe (B'T--B/To) ( - BT2) B

RC(BIT-B To) T2

whence, with consideration of the fact that B = 3000K, we have /131

a=- (4.119)

Thus, with semiconductor materials, the coefficient of
temperature resistance is negative and its absolute value is
greater than with metals. Thus, with T = 300K,- with semicon-
ductors,a = 0.333, i.e., an order of magnitude greater than with
metals. Therefore, semiconductor bolometers posses greater
sensitivity compared to metallic ones.

Signals read from the
output of a bolometer, as
a rule, are small and

B B must first be amplified
before their direct use

r R2/ in the circuit of the
RJ Ba instrument. At the input

of the amplifier, bolom-
- --- eters' are connected

a) . either in accordance with
a bridge scheme (Fig. 4.28a)

Fig. 4.28. Diagrams of the connec- or in accordance with a
tion of bolometers to the input of scheme in which the com-

and amplifier: a. bridge scheme; pensation elements plays
b. compensation bolometer accom- the role of load resistor
plishes the work of a load resis- (Fig. 4.28b).
tor.

In the bridge con-
nection scheme, with a pre-

balanced bridge (RlRB2 = R2RB1), the irradiation of the sen-
sitive layer Bl causes the unbalancing of the bridge and the
appearance of a signal on the grid of the input tube of the
amplifier. The simultaneous change of temperature of both
sensitive layers (Bl and B2 ) under the influence of the external
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environment does not cause the unbalancing of the bridge and,
consequently, the appearance of a signal at the input of the
amplifier.

The power supply of the bridge is accomplished either with
a constant or with a variable voltage with a frequency of several
hundreds or thousand Hz. So as not to use direct current
amplifiers whose basic shortcoming is zero drift, the radiation
flux is usually modulated. If the power supply of the bridge is
accomplished with a constant voltage, the amplification of the
signals from the output of the bolometer is accomplished on
the modulation frequency. With the power supply with a variable
voltage, the signal is amplified first on one frequency, for
example, on the frequency of the power supply voltage, and then
(after detection) on the modulation frequency. The connection
of the bolometer to the input of the amplifier in accordance /132
with the scheme presented in Fig. 4.28b causes a power supply
with a constant voltage alone.

The change in the resistance of bolometer Bl by the value
AR with irradiation causes the redistribution of the voltages
between Bl and B2 and the signal appears at the input of the
amplifier

Uin = LIAR, (4.120)

where I is the current which flows through bolometer Bl; L is
the coefficient which depends on the connection scheme and the
relationship of resistors RBl, RB2, and the load resistor.

With a bridge connection scheme and the equality RBI = RB2 =
= R1 = R = R, and under the condition R >> R3 , for the scheme
(Fig. 4.28), L = 1/2. If the power supply voltage is UB, then
from (4.120) we find the value of the input signal

U _LIAR UB AR
i. 2 4 R (4.121)

Inasmuch as the change in the resistance of the bolometer
under the influence of an incident radiation flux is small, in
changing in equation (4.116) to the final increases in resis-
tance and temperature, we can write

AR1
R
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With consideration of this relation, from (4.121) we obtain
the expression for the value of the signal from the bolometer at
the input of the amplifier

ui n=- UBaaT.U UB (4.122)

The basic characteristics in accordance with which a com-
parative evaluation of the bolometers is accomplished are the
integral sensitivity, threshold flux, and time lag.

The integral sensitivity S of the bolometers is determined
on the basis of (4.3).

Inasmuch as the bolometers in a broad spectral interval are
nonselective receivers, the indication of the type of emitter
according to which the measurements were conducted is not
mandatory. The type of emitter and its characteristics must be
indicated only in those cases where measurements of sensitivity
are conducted with the presence of a selective filter in front
of the sensitive layer of the bolometer.

Using (4.3) and the value Uin from (4.122), we have

SUBAT

4 S= (4.123)

From the equation of the thermal state of the sensitive
layer of the bolometer

d (AT)C d P D(4.124)

where c is the heat capacity of the sensitive layer; B is the /133
heat transfer coefficient.

In the established mode ( AY 0 we have
r= dl

140



With consideration of the found relation on the basis of
(4.123) we obtain

I  a

4 (4.125)

The heat transfer coefficient B includes the component for
temperature radiation of the sensitive layer and the component
caused by the heat conductivity of the leads.

From expression (4.125), it can be seen that the integral
sensitivity of the bolometer is proportional to the temperature
coefficient of the resistance and the applied voltage and in-
versely proportional to the heat transfer coefficient 8. To
increase the integral sensitivity, it is necessary to reduce
the heat transfer. This is attained by placing the sensitive
layer of the bolometer in a vacuum, as a result of which losses
in heating the ambient air are reduced, and also by the employ-
ment of thin connecting conductors with low heat conductivity.

The time lag of bolometers is determined by the final time
of heating and cooling of the sensitive layer of the bolometers
to modulated radiation. The expression for the integral sensi-
tivity of bolometers with their irradiation with a variable
radiation flux has the form

SI= So
I j+ (T (4.126)

where T is the time constant equal to c/B; SO is the integral
sensitivity of the bolometer with frequency modulation close to
f = 0.

From formula (4.126) it can be seen that with large time
constants, sensitivity Sf is decreased significantly with an
increase in frequency. In some cases, the sensitiv.elayers of
the bolometers are applied to highly conductive backings.This,
naturally, leads to an increase in coefficient and a reduction
in the time constant T. However, with a reduction in the time
constant, the integral sensitivity SO is reduced just as many
times. The increase in thermal scatter B permits increasing the
power supply voltage of the bolometer which leads, as can be seen
from formula (4.12 5 ), to an increase in integral sensitivity.
As a result, despite some reduction in the value SO in a specific
frequency band, a considerable gain in integral sensitivity is
attained.
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The threshold sensitivity of the bolometers is determined /134
by the level of their intrinsic noises. The basic noises of
bolometers are thermal, radiation, and current.

The thermal noises of bolometers are calculated from formula
(4.52)

U = 4kTRAf,

where R is the resistance of the bolometer and T is its tempera-
ture.

The current noises of the bolometers depend on the charac-
teristics of the.-material of the sensitive layer and are
determined by the expression

/ (4.127)

The spectral density of the current noise of a bolometer
is described by the equation G(f) = c/f, and the necessary
calculations of the magnitude of the current noises is performed
from the formulas of Section 4.4.

Radiation noises are caused by fluctuations in the radiation
flux which falls on the receiver and the radiation which arises
during heat exchange of the sensitive layer of the bolometers
with the environment.

The mean square value of the fluctuations in radiation flux
from an object on the input of the bolometer is calculated from
the formula

16k-Ob Af (4.128)

where Gob is the radiation flux from the object which reaches
the sensitive layer of the bolometer; Tob is the temperature of
the radiating surface of the object; k is Boltzmann's constant.

The second component, which is caused by the radiant heat
exchange of the sensitive layer with area A Which occurs with
temperature T1 and an environment having temperature T2, is

142



found in the following manner. In [371 it is shown that the
fluctuations in radiation flux A caused by the absorbed radia-
tion are determined by the expression

&= 8kT 2AsoT2af= 8kTf . 1Af ( 4.129)

Fluctuations emitted by the body of radiation flux will be

A -=8kTA TAf=8kT e1f) (4.130)

Since expressions (4.129) and (4.130) are independent, they
can be added, as a result of which we obtain the total value of
the dispersion of the value of the fluctuations of the radiation
flux due to heat exchange

A2 =f aq = 8kA= (T+ T) Af = 8k (TT + TODf) A (4 . 131)

If the temperature of the sensitive layer and the environ- /135
ment equal each other, then

A-- 16kT(DAf . (4.132)

On the basis of (4.128) and (4.132), we obtain the following
expression for the dispersion of the total radiation noise

IVD=2A b(D 2 d 2 = 16k (T Gob B 91 (4.133)r oR (4.133)

In working with a radiation flux close to the threshold
values (Qob ' cf), in uncooled bolometers the main role is
played by fluctuations caused by the heat exchange (the second
term in expression (4.133)).

The dispersion of the radiation noise, determined as A$2S2
will be I

U2 = AWS A= 16k(Tob obTB B " Af.
r r - + ... .. . TB.. . .

(4.134)
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Thus, the mean square value of the noise voltage of the
bolometer through its basic components can be presented in the
form

V u =U+± U-(4krTiBT ARPf If /

+1 6k(Troob+TBB) Af ) / (4.135)
(Y + (2afr)2)?

In general form, the threshold flux of a bolometer in
accordance with (4.19) will be

If[rBl+A2i/irib bbbT (VI + (2 f (4.136)

So

S= - 6k(Tbb TB(4.136a)
I + (29fT)2

We note that the basic types of noises with metallic bolom-

eters are thermal, and with semiconductor bolometers, current.

Used as the materials for the manufacture /136
of the sensitive layers in metallic bolometers are thin films of
gold, nickel, bismuth, and several other metals. Used in semi-
conductor bolometers are oxides (oxides of manganese, nickel,
cobalt), and also germanium, antimony, etc. The contact leads
of the bolometers are usually made from silver or gold [20].

Superconducting semiconductor bolometers are based on the
use of the phenomenon of superconductivity. For pure metals,
the transition to superconductivity occurs very rapidly, i.e.,
with an extremely small temperature drop. With some materials,
the slope of this transition is less, which permits creating
bolometers which are sensitive to a rather large temperature drop.
The materials for the manufacture-6f sensitive layers of such
bolometers are niobium and titanium nitride. Possessing a
considerable threshold sensitivity (threshold flux on the order
of 5.10-10 W), these bolometers have a comparatively small time
constant (T , 0.5 ms).
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CHAPTER 5. ANALYZERS AND SCANNERS OF ELECTRO-OPTICAL INSTRUMENTS /136

5.1. Purpose and Classification of Analyzers

With the use of analyzers, an analysis of the field of view
is conducted, and signals are generated which correspond un-
ambiguously to the angular coordinates of a radiating object
relative to the axis of the instrument.

According to the method for discriminating error signals in
electro-optical equipment the following types of analyzers are
distinguished:

- Devices which react to a change in signal phase;
- Devices which react to the change in amplitude and polarity

of the signal;
- Devices which use the change in signal frequency;
- Devices which react to a change in signal duration;
- Combined analyzers.

Usually, the composition of an analyzer includes a modula-
ting device (radiation flux modulator), radiation receiver, and
units of the electronic circuit which assure the shaping of error
signals in the required coordinate system. The main element of
an analyzer, which determines the method of shaping the error
signals and the structure of the electronic circuit, is the /137
radiation flux modulator.

Radiation flux modulation has a specific property in com-
parison with the modulation of electromagnetic radiation on
radio frequencies since the radiation flux which falls on the
radiation receiver changes slowly and does not contain high-
frequency components.

The modulators are characterized by coefficients of modula-
tion of the radiation flux from objects and backgrounds:

o max - o min b max - brnK. o -tot or kb. tot

where Km.o and Km.b. are coefficients of the modulation of
radiation fluxes from objects and backgrounds; %o.tot. and

%b.tot. are the values of radiation fluxes from an object and
background which fall on a modulator; ¢o max and Ob max are the
main values of radiation fluxes from an object and background
which fall on a receiver during one modulation period; Oo min
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and ob min are the minimum values of radiation fluxes. from an
object and background which fall on a radiation receiver during
one modulation period. The condition €max = €tot is valid for
many types of modulators.

Designs of modulators envision the possibility of different
modulation of radiation fluxes from objects and backgrounds. The
larger the modulation factor of flux from an object and ]
the smaller the modulation factor of flux from.the background,
the more perfected is the design of the modulating device
considered, since with a reduction in the value of km.b.
the level of radiation interference (external noise) is
reduced on the input of the amplifier.

Two types of modulation of radiation flux find employment:
sine-wave and square-wave . (Fig. 5.1). With sine-wave modu-
lation, the function of the change in radiation flux behind the
modulator can be written in the following form:

S()= max+mn_+ ma -OmIn cos (Qt- )o (5.2)

where w is the modulation frequency and 6 is the signal phase.

With square-wave modulation, the function of the change in
radiation flux behind the modulator can be written in the form
of an expansion in a Fourier series

D w.max-L _ I fmax - CmlnS 1 cos [(2k- 1) wt (5.3)]
- 2 2 --- l3)

where k = 1, 2, 3... is the natural series of numbers; Ok is the /138
phase of the k-th harmonic of the signal.

Rotating opaque disks with cuts of a specific shape,
frequency rasters, cylinders, screens, fixed diaphragms with
apertures, and others can be employed as modulators. With the
use of fixed modulating diaphragms, modulation of the radiation
flux is accomplished due to the displacement of the object's
image over the surface of the diaphragm or the surface of the
radiation receiver.

In some instruments, the radiationmflux is not modulated.
In this case, information on the coordinates of the radiating
object is obtained thanks to the determination of the position
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_ _ _ of the objects' image
on the surface of

I the radiation receiver

Sg e which is, for example,
SE a mosaic or inversion

photodiode.

5.2. Phase Analyzers
Fig. 5.1. Types of modulation of radia-
tion flux: a. sine-wave;, b. square The shaping of
wave. error signals in

analyzers of this type
is based on the comparison of the phase
of the operating signal with the phase

Receiver of the reference signals. In the
simplest type of phase analyzer, a
rotating opaque semidisk (screen) is used

Mod-lating as a modulator. The axis of rotation ofD semidisk the semidisk coincides with the optical
I axis of the lens -and passes through

the center of the sensitive layer of
the receiver (Fig. 5.2). If the image

Fig. 5.2. Mutual po- of a point-radiating object is projected
sition of a receiver on the radiation receiver, then with the
and modulator made rotation of the semidisk, square-wave
in the form of a pulses, which are caused by the radiation
rotating semidisk. of the object., go from the output of the

receiver to the input of the amplifier.
The recurrence rate of these

pulses is equal to the recurrence frequency of the semidisk, and

the phase to the phasing angle of the object.

Various types of phase commutators which operate synchro- /139
nously with the modulator are usually used as shaping and
separating devices. Such commutators may be mechanical, elec-
tronic, or semiconductor devices.

The simplest type is the collector-type mechanical phase
commutator. It rotates synchronously with the modulating semi-
disk and operates in the mode of a full-wave rectifier. A
schematic diagram of an analyzer is presented in Fig. 5.3. The
load of the commutator, is connected between its brushes and
the midpoints of the secondary windings of the output transformer
of the amplifier. Schematically, this can be presented as
shown in Fig. 5.4a. Thus, a voltage is fed to the commutator
rings from the amplifier output with the use of brushes. Inas-
much as the first harmonic of the square pulses is used for the

shaping of error signals, a narrow-band resonance amplifier of
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KofewpWU b c photocurrents is used in the
KonMy-p u3W1 circuit. In this regard, the

phase of the sine-wave vol-
- tage depends on the position

a of the object in the field of
0odYqpyo. . view and changes with a change

noA"ck in the sign of the error.

Let us examine the opera-
U, R,- J2U tion of a commutator with the

presence of an error angle only
for coordinate 1i, when the

e phasing angle 8 = w/2 (Fig. 5.4b).

"*U" During the first quarter
Fig. 5.3. Operating principle of the modulation period, the
of a collector-type phase current flows through the load
commutator: Rload - load resistor Rloadl from right to
resistor; U1 - signal taken left (we take this direction of
from load I of the channel; the current and the voltage U1

U2 - signal taken from load corresponding to it as negative) /140
II of the channel. and a voltage drop with a nega-

tive sign is created on the load.
Key: a. Modulating semidisk; With wt = w/2, the polarity of
b. Collector commutator; the signal on the ends of the
c. Insulating layer; d. transformer winding changes
Radiation receiver; e. Re- and occurring at the same time
sonance amplifier; f. Rload is commutation which leads to

the case where the current over
the circuit Rl'-Rload 1 flows

throughout 2 and 3 of the fourth period through Rload 1 in the
same direction as in the first period. A half-wave of voltage
with a negative sign is created on the load resistor. With
wt = 3w/2, the polarity on the ends of the transformer winding
changes again, commutation occurs simultaneously with it, and a

negative voltage again arises on the load resistor.

The current flows over the second channel in the first

quarter of the period through the load resistor over circuit
Rload 2 -R 2 ' in a positive direction. With wt = w/2, the polarity
changes on the ends of the transformer winding, but commutation
does not occur and, therefore, the current flows over the same
circuit in the opposite direction, attaining its maximum value
by the end of the half-period (wt = ff). The negative quarter
of the voltage wave U 2 (t) is created on load resistor Rload 2.
When wt = r, commutation occurs and current flows over circuit
Rload2-R2 through load resistor Rload 2 again in a positive /141
direction. This will continue until the polarity changes on the

transformer output, which will occur with wt = 3r/2. Finally,
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in the last quarter of the modulation period, the current again
flows through load resistor Rload 2 in a negative direction and

so on.

1 3,4 , IO(7amOWUp

--+ ,3  4

.. ,,. . o. o

S t n Za 3r wt
6 n .

U2 -'''

,. oca 3  Z .

Cjc io6&.rma 4

, 1  ,jl

6. Ur . Uree

Fig. 5.4. Principle of discrimination of control
signal in a phase analyzer: a. diagram
of the connection of a load resistor;
b. with an error in one coordinate;
c. with an error in two coordinates;
I, 2. coordinates; 3. modulating disk;
4. image of object; 5. Rload;
6. Uampl; 7. Urec

On the basis of the procedure presented, curves of voltages
over the channels have been constructed for the cases where
a = 0 and 0 < e < r/2. The corresponding graphs are presented
in Fig. 5.4 a and b.

The constant components of voltages Ul(t) and U2 (t) for
the channels will equal

Uo=1 Umaxsin (wt - )d ( )_- 2Uma= cos 0; I
S1 (5.4)
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Sx 2 (5*5)
Uo2= 1ma sin (w! - ) d ()= i- sin .

On the basis of the obtained formulas, we find that with
e = 0, U1 = (2Umax)/w and U2 = 0, and with e = wr/2, U1 = 0 and

U2 = (2Umax)/w, i.e., with the deviation of the object for one
coordinate, the signal at the output of the analyzer appears
only in one channel and turns out to be equal to zero in the
second channel.

As can be seen from expressions (5.4) and (5.5), the constant
components of error signals over the channels depend only on
the phasing angle e and do not depend on the size of the error
angle, i.e., an instrument with the analyzer under consideration
reacts only to the sign of the error angle. If the error angle
equals zero (the image of the object is at the point of inter-
section of the optical axis with the center of the modulating
disk), then with the rotation of the modulating disk, half the
image will constantly fall on the sensitive layer of the receiver
(no modulation of the radiation flux occurs) and there will be a
constant signal on its output. In this case, the constant
components over channels U0 1 and U0 2 will be equal to zero. The
coefficient of modulation of the flux from the object depends
on the shifting of the center of its image relative to the axis
of rotation of the semidisk (Fig. 5.5).

If the radius of the circle of confusion
m~inn r is small in comparison with the dimensions

of the semidisk, the coefficient of modulation
of the flux from the object km.o. = 1 over the

S --entire area of the receiver except for its
AmaX lcentral portion.

The shortcomings of such a type of
analyzer, caused by the design of the modula-

Fig. 5.5. For tor, are unstable operation with small error
determination angles and large dimensions of the object
of the coeffi- image and also modulation of the radiation /142
ceint of modu- flux from the background.
lation of the
background. Let the deviation of the center of

rotation of the semidisk from the center of
the,photoresistance by the amount of 6 occur

(see Fig. 5.5); then, even with a uniform background and receiver
sensitivity identical over the entire area, we have

a a a

kb Am x - Amin 2 2 2

Arec a (5.6)
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The flux from the background will be modulated due to the
unequal sensitivity over the surface of the receiver and also
as a consequence of the nonuniform background.

In some schemes, the shaping of the error signals is accom-
plished with the use of a full-wave demodulator, using electron
tubes whose anode circuits are fed by square-wave 'voltage pulses y.
The diagram of such a demodulator is presented in Fig. 5.6.

Square voltage
pulses are shaped by a
stage with a dual triode

R. 'L3. The grid of this
Ea tube is under a zero ini-

tial bias. A reference
voltage generated by a

L/ reference-voltage generator
--- -- - synchronously linked with

the rotating modulator is
fed to both grids of the
dual triode L3 in antiphase.

z & & In this regard, the ampli-
tude of the reference

_ - - .-- .- voltage is greater than the
blocking voltage of the
triodes. Therefore, during

Sef the-,negative half-periods
of the reference voltage,

Fig. 5.6. Full-wave demodulator the triodes are blocked
using electron tubes. and, during positive

half-periods, open. When
the triode is blocked, the

voltage on its anode equals Ea and during unblocking, it drops
to E0. Since the voltage is fed to the grids of tube L3 in
antiphase, the square pulses on the anode load will also be in
antiphase.

The left and right anodes of the dual triodes LI and L2 are
connected respectively to the anodes of tube L3. Therefore,
when the voltage on one of the anodes of tube L3 equals Ea, the
halves of tubes L1 and L2 connected to it by the anodes are open,
and the second halves of tubes L1 and L2 are blocked with respect
to the anode voltage; since it equals E0.

If the voltage on the input of the demodulator equals zero
(Uin = 0), equal currents flow through both tubes and, con-
sequently, through the resistors which stand in the circuit of
cathodes Rcl and Rc2. The voltage drops across resistors R and
Rc2 are equal in value, the potential of points a and b arg 1
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identical, and the output voltage equals zero (no current flows
through the load resistor Rload).

Another types of phase analyzer is a device in which the /143
modulation of the radiation flux is accomplished with the use of
an inclined rotating flat modulating mirror and a fixed diaphragm
with apertures (Fig. 5.7). The diaphragm has several apertures
arranged along a circle and is installed in the focal plane of
the lens. The dimensions of the apertures depend on the size of
the circle of confusion of the system. With such a scheme, the
instruments field of view is determined by the radius of the
diaphragm R and the focal length f of the lens

2W = 2arctan . (5.7)
f

The angle of incline of the rotating flat mirror to the
axis is such that if the object is located on the optical axis,
its image in the focal plane with the rotation of the mirror
will describe a circle which coincides with the external boundaries
of the apertures of the diaphragm. The radiation flux is modu-
lated with frequency

fear = pn (5.8)
60

where p is the number of apertures in the diaphragm; n is the
number of revolutions of the mirror in one minute.

With the coincidence of the image of the object with the
apertures in the diaphragm, half the value of the radiation flux
which is focused by the optical system falls on the radiation
receiver. With the displacement of the object from the axis, its
image will describe a circle of the same radius, but the center
of the circle will be displaced in a direction opposite to the /144
displacement of the object. This leads to a change in the value
of the flux which falls on the radiation receiver through the
various apertures of the diaphragm. As a result, the carrier
frequency fear turns out to be additionally modulated for am-
plitude by the frequency of rotation of the mirror (Fig. 5.8).

-env n (5.9)

Fig. 5.9 portrays the dependence of the coefficient of
modulation of a radiation flux which arrives at the receiver on
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A the amount of displace-
ment x of the image of

2 (20. the object in the focal
/ plane with the presence

3of an error angle. With
x = r, where r is the

0 -- radius of the circle of
- confusion, the modulation

coefficient equals 1.
' If the error angle

e > r/f, the overmodula-
9) ) tion of the flux from

the object is observed,
Fig. 5.7. Phase analyzer made on the in which regard the
basis of a fixed modulating diaphragm signal has the form of
with apertures: a. diagram of the individual bunches of
optical system; b. fixed modulating pulses of frequency fcar
diaphragm; 1. main mirror of the ob- and the recurrence
jective; 2. secondary mirror; 3. in- frequency of these bunches
clined rotating mirror; 4. fixed equals fenv.
modulating diaphragm; 5. receiver.

The considered
scheme of an analyzer
permits accomplishing

,=o the selection of objects from angular
A A A AA A AA A dimensions since the flux of radiation

--- ,o -n -> from the emitters having large
_r__ 2___-_- dimensions is modulated only on the

\ - ,,<o I envelope frequency fenv.

lo2 "0 - The shaping of the control signal
A7\,r- 11 "' 1which characterizes the deviation of

I _ , o;.C,-o the object from the optical axis is
-T\A>' -A67- accomplished with the aid of a system

- whose block diagram is presented in

Fig. 5.8. Nature of the Fig. 5.10.

change in signals at the The signal modulated by frequencies /145
output of a receiver with fear and fenv is amplified by a nar-
different error angles. row-band resonance amplifier tuned on

the fear frequency. Such tuning can
be accomplished, for example, by

connecting a double T-shaped bridge with a resonant frequency
equal to fear in the feedback circuit of one of the amplifier
stages. The typical appearance of the frequency response
of such a bridge and the scheme for its connection are
presented in Fig. 5.11.
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o- One more filter is connected in at
.0 I the output of one of the amplifier

stages which does not pass signals modu-

05 I- lated only by frequency fenv. The role
- of this filter can be played by a

double T-shaped bridge, but its resonant
frequency equals fenv and it is not

I 2 JxI connected in the feedback circuit but

Fig. 5.9. Dependence directly between the amplifier stages.
of the modulation co-
efficient on the value The signal which has been filtered

of the error angle. out goes from the amplifier output to
the carrier-frequency detector, where
the signal is discriminated from the

object which is modulated by frequency fenv. This signal, which
contains information about the position of the object after
amplification, is fed to a separator which can be a collector-
type mechanical commutator or a full-wave demodulator using
electron tubes.

Radiation Carrier- Suppressor Carrier Envelope-
receiver frequency of envelope-frequency-requency

amplifier frequency detector modulator

Automatic Distributor
gain control

Fig. 5.10. Block diagram of the system for
discriminating control signals.

In a number of cases, the shaping of signals which contain /146
information about the magnitude and direction of the error is
accomplished with the use of phase-sensitive detectors which use
transistors (Fig. 5.12).

In order to assure the operation of the scheme and the
discrimination of the control signals which correspond to the
direction of the error, a sine-wave -reference voltage-in the
same polarity as shown in the diagram is fed to the collector-
base intervals of each triode. Circles ring the signs which
correspond to the second half-period, and those without circles
are the polarity of the reference voltage during the first half-
period for triodes Tl, T2, T3, and T4.
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R R I Reference voltage

c c Uref2 is shifted for phase
by a quarter of a period

With regard to triodes
T5-T8, these signs
characterize the polarity
of the reference voltages

Sin the first and second
quarters of the period.

0

Sa) The operating prin-
ciple of the indicated

\phase-sensitive filter is
based on the fact that with

S a the potential of the base
negative in comparison with

b) the collector, the triode
becomes conductive in the

Fig. 5.11. Diagram of a resonance emitter-collector direction
amplifier: a. connection of a dual as well as in the opposite
T-shaped filter in the negative direction. Therefore, each
feedback circuit; b. typical pair of triodes (Tl-T2 and
appearance of the filter's fre- so on) is conductive in
quency response. those half-periods when

the minus of the reference
voltage is applied to
the base. Each pair of

T roH- I triodes operates with
ST Iits own half of the

secondary winding of the
-C " transformer.

+ E e T4 t b o ut
+ Ra R u t  When the input sigihal

S- and reference voltage
,in _coincide for phase, and

T5 -E T6 b their polarity coincides
Ri with Fig. 5.12, then

c2 uzat during the first half- /147
7 7 R2period, triodes TI and

2 )T2 are open and T3 and
T4 are blocked. The

roN-za signal from the output of
the secondary transformer

Fig. 5.12. Basic circuit of a phase- winding (its upper half)
sensitive detector using transistors. is discriminated on load

resistor Rload 1 through
Key: a. Reference-voltage generator; which the current ii

b. Rload... flows.
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In the second half-period, the polarity of the reference
voltages and the input signal changes, triodes T3 and T4 are
unblocked, and triodes TI and T2 are blocked. The signal from
the output of the lower half of the secondary winding (polarity
shown by the signs in the circles) is discriminated through
triodes T3 and T4 in the same polarity on resistor Rload 1
through which current i2 will flow. In a similar manner, we can
trace the character of change of the output signal over the
second channel with a shift in phases between the input and
reference voltages, equal to rw/2, and also with the arbitrary phase
of the input signal.

The ,operation of the given phase-sensitive detector is
similar to the operation of a collector-type commutator and
demodulator using electron tubes. Just as in the demodulators
which have been considered, here the value of the constant com-
ponent which is discriminated over each channel by circuit R1,C
and R2 C2, respectively, depends only on the phase of the input
signal which is determined by the direction of error.

5.3. Polar Analyzers

In analyzers of this type, at least four radiation receivers
should be used with whose aid the two mutually perpendicular /148
sides are fixed. The indicated fixation can be assured either
by the direct placement of a four-area photoresistor in the
focal plane of the lens (Fig. 5.13) or by the use of additional
elements in the optical system which permit dividing the radiation
flux and directing it in four directions. The elements of
analyzers may be a tetrahedral mirror pyramid (Fig. 5.14a) or a
bunched conductor of optical fibers (Fig. 5.14b), the input end
of which is placed in the focal plane. The bunched conductor
branches out in four component parts, the output ends of which
are placed in front of the sensitive layers of the radiation
receivers. Both these methods of dividing the radiation flux by
direction and, in particular, the latter are extremely conven-
ient when the radiation receivers are vacuum photocells, photo-
multipliers, and single-area photoresistors.

The radiation receivers of each line are connected in pairs
to the input of two balance photocurrent amplifiers in accordance
with the compensation scheme. Modulation of the radiation flux
can be both external (with the use of a modulating device) and
internal (electrical, due to the feeding of an alternating power-
supply voltage of constant frequency and amplitude to the
radiation receiver).

The operating principle of an analyzer consists of the
following.
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If the object is
* - rlocated on the instru-
Tyment axis, its image

A [ is projected to the
U' Ia B gap which divides the

R I sensitive areas of the /149
; S receiver (zone of in-
-4 sensitivity) or,after

,rr D3 the dividing elements,
identical fractions of

_ Rf T51 the radiation flux
BZ are directdd to each of

y P 4 Tthe four receivers.
In this case, the sig-

4 -nal on the output of
the analyzer is not

Fig. 5.13. Basic circuit of a polar shaped. The shifting
analyzer: 1, 2, 3, and 4. areas of the of the object from the
photoresistor. optical axis causes the

drift of the image from
Key: a. Rload...; b. Uref the zone of insensitiv-

ity. Let us examine
the operation of the
scheme under the condi-
tion that the radiation
flux from an object
falls on one of the
receivers. As a result,
a signal of specific

S- polarity is shaped on
'' the output. If the

image is shifted to
another receiver, then
the polarity of the

a) b signal is changed to
- the opposite over one

of the channels.

Fig. 5.14. Methods of dividing the
radiation flux. The compensation

connection of the
receivers and the

electrical modulation of the signals provide the possibility of
taking the modulation. factors of radiation-flux from the
object and background as equalto i1. The amplitude value of the
voltage on the amplifier input, caused by the radiation of the
background, will be

Ub = Sbl bl - Sb20b2, (5.10)
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where Sbl and Sb2 are the v6~tage-sensitivi tm o e -receiVrs - with
respe,ct to the radiation of. the background; bl and. b2 are the values
Of the radiation .fluxes.from.the background which .fall on the first
and second receivers, respectively. Expression (5.10).can be
written in the form

Ub = Sblblkd, (5.11)3

Sblbl - Sb2 4b2
where kd = is the coefficient of decompensation.

From (5.11), it follows that if the sensitivities of both
receivers are identical (Sbl = Sb2) and the background is uniform,
the radiation noises at the input of such a device equal zero.

The shaping of error signals over channels, for example, /150
over a line, can be accomplished with the use of single-period
demodulators using semiconductor diodes connected in the output
of photocurrent amplifiers of each line. A reference voltage
is fed to the midpoint of the secondary transformer winding,
the frequency and phase of which coincides with the frequency and
phase of the modulation voltage.

If the input signal Us equals zero, the voltage between
the cathodes and anodes of the diodes equals the reference vol-

tage. During the positive half-periods of the voltage, currents
of equal strength (il = i2 ) flow through the diodes and voltage

drops across the resistors R will be identical in magnitude 'and

opposite in sign; therefore, across t-he output. of the-demodulator,
the voltage will be equal to zero. During the negative half-

periods, both diodes are blocked and the output voltages are also
equal to zero.

When the input signal does not equal zero and arrives in

phase with the reference voltage, the voltage of the alternating
current Ul applied to diode D1 exceeds voltage U2 applied to
diode D2 . Therefore, iI > i2 . If the phases of the input sig-
nal and the reference voltage are opposite, the polarity of the

output signal changes (Fig. 5.15). Since the input signal Us
and the reference voltage Uref change in accordance with the
law of sines

Uref = Uref max sin wt (5.12)

Us = Us max sin (wt - ); (5.13)
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where

$ = 0 rad, 2rr rad (00., 1800),

then adding them, we obtain

U1 = (Uref max ± Us max)sin wt; (5.14) /151

U2 = (Uref max ± Us max)sin wt. (5.15)

The constant component of a rectified current with a
capacitance connected in parallel with the resistor will be

io - (sin y- cos t), (5.16)

where R is the internal resistance of the diode; p is the
angle ol cut-off which is determined by the relation

foR Uo9=arccos -=arccos ,

U0 is the corstant component of a rectified voltage.

From these relations, it follows that

Uot(R=hk

therefore,

U01 = ku(Uref max ± Us max);

U02 = ku(Uref max ± Us max)-

and the output voltage of the demodulator will be

Uout = .2kuUs max (5.17)

159



Ure Uref For-the shaping of error
signals over the second

Us \ channel (in a mutually
perpendicular plane) ring-
type rectifiers using

/ URI semiconductor diodes are
\ L . connected at the output of

R: Wt W. line demodulators. The
principle of discrimina-

U. - tion of an error signal
over this channel is
the following.

Fig. 5.15. Curves of voltages on When the image of an

various elements of a demodulator: object is projected

a. phases of signal and reference between lines, the output
voltage coincide; b. phases of sig- voltages of the demodula-
nal and reference voltage are tors equal zero, i.e.,

opposite to each other. Uzl = Uz2 = 0. If the
image of the object is
located on one of the

receivers (1 or 2) of the first line, then Uz2 X 0. As a result,
behind the ring-type rectifier, the potential of point a will
be higher than the potential of point b, regardless of on which
receiver of the first line the image of the object is located.
The passage of the image to eit-her 6f the receiv6rs. (3 or 4) of
the second line makes the potential of point b higher than the
potential of point a and the polarity of the output signal Uy
changes to theopposite.

The merit of the analyzer considered is a high degree of
freedom from interference by a uniform radiating background. The
shortcoming of the method is the independence of the error

signals from the value of the error angle.

5.4. Scanning and Search Systems in Electro-opt.icalBEquipment /152

Scanning and search systems find wide application in electro-

optical equipment -for various..p.urposes..- Fo-r the detection of
radiating objects, the necessity often arises for their search
in large zones of space. Attempts simultaneously to cover the
entire scanning zone lead to a considerable increase in the quan-
tity of false information, interference, and a reduction in the
operating range due to the incidence of background radiation in
the instrument and so forth. Therefore, to reduce the influence
of the background and increase the range of operation.df the
system, attempts are made to see that at each moment in time

the smallest possible region of space is projected on the radia-
tion flux receiver.
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Thus, it is necessary to scan a.1,arge zone of space but,
from the point of view of the technological capabilities of the
equipment, the dimensions of the zone being scanned at a given
moment in time should be the smallest possible. This apparent
contradiction is resolved by the employment of optical systems
with small angles of instantaneous field of view successively
directed to various sectors of space within the limits of the
required region. Hence follows the designation of the scanning
system which serves to assure the scanning of a given region of
space by means of the successive displacement of the instanta-
neous field of view, in accordance with a specific law.

Scanning and search systems are classified by the scanning
principle (by type), by type of trajectory of the instantaneous
field of view, and by the scheme for accomplishing the scanning.

The following systems: are distinguished by type of scanning:

- The simple scanning systems (with one fixed receiver);
- Raster systems in which the partitioning of the field of
view is accomplished with the use of a raster (coding
device) located in the planelof the image;

- Systems with mosaic radiation flux receivers.

In accordance with the law of displacement (nature of
trajectory) of the instantaneous field of view in space, the
following types of systems are distinguished:

- Line scanning;
- Line-frame scanning;
- Conical-rotational and conical-progressive scanning;
- Spiral scanning;
- With cycloidal and rosette trajectories of movement of

the instantaneous field of view.

According to the scheme of accomplishment of the scanning,
systems of scanning and search are divided into three basic
groups: optomechanical, electro-optical, and electronic.

The displacement of the instantaneous field of view in space /153
over one trajectory or another is accomplished by the displace-
ment of the following elements and devices:

- By the displacement of the entire receiver;
- By the displacement of the entire optical system or

objective;
- By the rotation (oscillatory motion) of one or several

elements of the optical system;
- By the displacement of the radiation receiver and also

by the commutation of the sensitive elements of mosaic
receivers in a specific order.
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Until recently, optomechanical scanning systems received
the greatest popularity in electro-opti-cal equipment'. Electronic
scanning systems are finding employment. The employment of
electron-optical and piezoelectrical scanning systems is
beginning.

The basic characteristics of a scanning and search system
are:

- The angle of instantaneous field of view 2Wv;
- The scanning angle or zone -- 2Wsc or 2Wlsc and W2sc;
- The trajectory and law of displacement of the instan-

taneous field of view in space;
- The scanning period T,;
- The overlap coefficient which characterizes the fraction

of repeatedly scanned space;
- The efficiency of the cycle which determines that portion

of the scanning cycle when useful information arrives in
the instrument;

- The time constant of the scanning system (including the
radiation receiver);

- The probability characteristics (probability of nontrans-
mission of the target, instantaneous probability, search
effort):

To assure the dependable operation of the instrument, the
following requirements are made of the scanning system:

- Scanning the entire space in a given scanning zone without
gaps;

- Minimum duration of scan of the required zone of space.
Observance of this requirement is especially important in
the detection of moving objects which can displace so much
within the limits of the scanning zone during the time
between two successive scans that they will not be
detected by the instrument;

- The ddration of the time interval when the object is within
the limits of the instantaneous field of view should be
sufficient to obtain the necessary quantity of information
about it;

- The scanning system should assure high resolution for
angular coordinates;

- The scanning system should be simple in design, depen- /154
able in operation, have small overall dimensions and
mass, and be free of large dynamic overloads.

Some of the simplest are systems with line scanning of
space. In the line scanning method, sectors of space are
successively scanned one after the other, the angular width of
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which equals the angle of instantaneous field of view, and the
length is determined by the size of the scanning angle. The
passage from one line to another is accomplished by displace-
ment of the instrument carrier.

Let us consider the diagrams presented in Fig. 5.16. The
carrier (SC) moves at altitude H with velocity V relative to
the earth. The direction with relation to which the scanning of
the lines in space is accomplished comprises some angle a with
the velocity vector of the carrier. The scanning of space is
performed by the displacement of the instantaneous field of view
of a system with size 2 Wvl. 2Wv2 within the limits of the
scanning angle 2Wsc.

The linear dimensions of the instantaneous field of view
on the earth's surface without consideration of its curvature
can be found from expressions

2LO
a0 = 2L0 tan Wv2 and b0 - sin tan Wvl

where LO is the initial slant range.

With the use of /155
a single-element radia-

.6aicoACwriu 1 tion receiver in the
5.c.1 3eppA. aNw instrument scheme, n

se1a lines will be scanned in
gpuenwa2  space during each

VaI Ocd 3 revolution of the drum.
If a linear mosaic
receiver consisting of
m sensitive elements (a
so-called "comb") is
used in the instrument,
then each surface of the

f 2drum simultaneously
accomplishes the scanning
of m adjacent lines, and
the overall number of
lines scanned during one
revolution of the drum

Fig. 5.16. Diagrams of scanning sys- will be mn. Let us
tems of electro-optical instruments:, will be mn. Let us

point out that with thea. axis of rotation of the drum paral- simultaneous scanning
lel to the optical axis; b. axis of of the lineous scanning
rotation of the drum perpendicular to o the lines, diffi-

the optical axis. culties arise in thethe optical axis.

Key: 1. Drum with reflecting mirrors;
2. Receiver; 3. Objective
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recording and processing of the information; therefore, the
equipment becomes considerably more complex.

In order to obtain information about each object located
in the scanning zone at the output of the radiation receiver, the
scanner should assure the finding of the object within the
limits of the instantaneous field of view during a segment of
time determined from the condition

Atil > kTT (5.18)

where Atil is the time of illumination of the receiver by the
radiation flux from a given object, i.e., the time.'when this
object is located in the field of view of the instrument; T

is the time constant of the receiver; kT is the positive
coefficient which characterizes the exceeding of the duration
of the illumination of the receiver by the radiation flux of the
object in comparison with the time constant.

If the frequency of rotation of the scanning element is
N/sec, the number of scanning elements of the dissociation scanned
by the instrument in. 1 sec is

2T-' (5.19)

and the time of influence of the radiation flux from each point
of space being scanned on the instrument will be

A-- = W (5.20)

With consideration of condition (5.18), we obtain the
expression for the maximum permissible rotation frequency of the
scanning element which is determined by the time constant of
the receiver

N k,. (5.21)

But the linear width of the terrain sector scanned by the in-
strument from flight altitude H during one revolution of the drum
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comprises

I=2WHm n. (5.22)

On the strength of the requirement for the contact of ad- /156
jacent lines, it is necessary that the scanning rate, i.e., the
width of the band scanned by the instrument in 1 'risecj, be no
less than the speed of flight of the carrier

V2v..HmnN.

From this relation, we obtain the expression which deter-
mines the minimum allowable frequency of rotation of the scan-
ning element with which the scanning will be accomplished
without gaps

2Wv-Hmn (5.23)

or, with consideration of the overlap of adjacent lines,

2WvHmn (5.23a)

where b is the coefficient of overlap (0-< b < 2).

Formulas (5.21) and (5.23a) show that both the upper al-
lowable limit of rotation frequency determined by the value of
the time constant and the lower limit caused by the requirement
for the contact of adjacent lines exist. Furthermore, the
frequency of rotation of the scanning element is limited by
mechanical possibilities. A frequency of rotation of 3000/9ec
is taken as such a limit for optomechanical systems with
reflector size equal to 300 mm.

If we consider the extreme cases in formulas (5.21) and
(5.23) then, equating their right sides to each other, we obtain

,nkTV

2mnH (5.24)
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and, by the exclusion of Wv from (5.21) and (5.23a) and their
joint solution, we find

"= 2 (5.25)

As applicable to the scheme for the scanning system pre-
sented in Fig. 5.16b, the type of relations which connect the
flight parameters with the characteristics of the instrument
are maintained as approximately the same. The difference is
caused by the change in the direction of displacement of the
scanning element, as a result of which the sighting ray will
displace at a rate twice as great in the latter scheme with the
rotation of the drum. In this case, formulas (5.24) and (5.25)
take the form

v=1r. V; (5.26)

S 4Hmnkj " (5.27)

The latter relations permit calculating the basic param- /157
eters of the scanning system which satisfies the condition of
contact of the adjacent lines.

Of the values which determine the indicated parameters,
some are given (V and H) and others, for example kT, cannot be
taken as less than a specific value which will be equal to 2.
The designer can only vary three parameters of the scanning
instrument and, with their use, should assure the solution of
the assigned problem.

The maximum allowable value of the angle of instantaneous
field of'View is determined by the required resolution of the
system, and the minimum by the time constant of the receiver and
the relationship of the altitude and speed of flight of the
carrier.

To reduce the rate of rotation of the scanning element
under the condition of assuring the scanning of space within
given limits, we strive to increase the number of reflecting
surfaces of the scanning element.

The maximum number of reflecting surfaces of the scanning
element used in the scheme (see Fig. 16a) can be found from the
formula
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aX 360 or n m (5.28)
2n:w ! max2Wsc s c

and -as applicable to the scheme(see Fig. 5.16b), with considera-
tion of the double velocity of the reflected beam, from the
expression

S 360. or -2 (5.29)
max WS Wsc

-To separate-the lines and-return the electronic circuit
to the initial state prior to the start of the next line,
it is necessary to provide for some reserve of time
allotted to the scanning of each line. This is equivalent
to the system accomplishing scanning within limits
of the angle W'sc = Wsc + AWsc.

With consideration of the reasons which have been presented,
expressions (5.28) and (5.29) take the form

m W I AW- s or n,,= (5.30)

i360 2
mn= Wa or n= (5.31)

The dependence of the maximum number of reflecting sur-
faces on the value of the scanning angle with various values of
AWsc, as applicable to the variations of scanning schemes being
considered, is presented in Table 5.1.

With consideration of (5.30) and (5.31), formulas (5.24) /158
and (5.26) take the form

H (5.32)

/ 'v- '  V
2HV (5.33)

and express the relation between all basic parameters of the
scanning system and also the height and speed of flight of the
carrier.
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TABLE 5.1

Vari.- Scanning agle ~2Wsca'is l rad

SC 0.25 0.35 0.52 1 0.70 1.05 1.24 1.57 2,10

Ssc=O 0.418o.31310.2080.15610.1050.0870 .07010.052

A-%s c=o,1ws c- 0.4000 .295j0. 20810.14010.087j0.0700 .052 0.052

see %sc 0,2Wsc 0.38210.29510.19210.14010.0870.07010.05210.035
F ig- I I I

5.16a W sc-O.,4W sc 0.3500.210[0.175[0,1220,08710.0520.05210.035

Awsc=O 0.83510.62610.41810.31310:20810.17510.14010,105

II sWc= 0,1W. o 0.800 0.59010.400;0.295j01I9210.15610.122 0.105

S seWe s- 0,2W sc 10765J10.57310.38210.28810.19210.14010.12210,087
Fig.SC=0,4 SC 0,70 0.52 0.350l026 o.1750.12210.105j .087

The basic merit of the line-scanning systems consists of the
relative simplicity of the design execution of the scanner.

A shortcoming of the considered line-scanning systems is
the necessity for the strict corres-pondence btetween the--frequency of
rotation of the scanning element and the speed-of flight of the
carrier with a given overlap of the lines.

Another substantial shortcoming is the presence of large-
size rotating elements. We will show this by the example pre-
sented in Fig. 5.17.

The image of space being scanned will not be vignetted by
the optical system in the case where the entrance pupil of the
objective will be inscribed in the cross section of a pencil of
rays reflected to the objective from a mirror with a change in
the position of the scanning element within required limits.
If the distance between the axis of rotation of the scanning
element and the optical axis of the objective is designated by /159
a, the indicated condition can be written in the form

O/-a',>D/2 for the extreme position of the scanning 53)
01+a>D/2f element
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Having examined Fig. 5.17,
we can write

SOl ,=R cos 8 and Ol.=Rsin y,

Adding term by term and
subtracting the indicated in-
equalities, we find

Fig. 5.17. For the determi- R(-siny+cosg)>,D;' (5.35)
nation of the dimensions of 2a<R(cos-siny), j (5.36)
the scanning element of the
scanning system.

where

y=--a -. /2+--a;
2 2

=0- n/2-y=---a -.

Substituting the values y and 6 in expressions (5.35) and

(5.36) and making certain transformations, we obtain

R ' (5.37)
2-sin - sin a

6 D'
2a<-Rcos-cosa and. 2a< - -cot-cota. (5.38)

2 2 2 (5.38)

In formula (5.37), the variable is the angle a, which
characterizes the position of the plane of the mirror reflector
relative to the optical axis of the objective. The maximum /160
values of this angle can be given by the expression

a=o. } a ±
,2 'i

where aO is the angle which determines the position of the mirror
at which the middle of the scanning zone is projected on the
radiation receiver.
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Inasmuch as always a > f/2, vignetting is most dangerous
with the greatest angles a. Therefore, in order to exclude
vignetting, it is necessary to accomplish calculations by
formulas (5.37) and (5.38) for the case a .= 1max = a0 + Wsc/ 2 ,
i.e.,

D

2 sin 6/2 sin (ao + W-sd2) (539
< D - o

4 - (5.40)

The minus sign in the inequality tells us that the optical
axis of the objective passes below the axis of rotation of the
scanning element.

Having examined Fig. 5.17, we can write

Xmir = 2R sin 0/2

whence, with consideration of (5.39), we find

D
mir =sin (c0 + Wsc/ 2 )

This relation shows that the length of the reflecting mirror
depends both on the size of the scanning angle and on the
angle which characterizes the initial position of the mirror sur-
face of the scanning element. It is completely obvious that
the width of this mirror should be at least the diameter of the
objective. Also obvious is the necessity to satisfy the
condition

e > Wsc

The parameters of the!miirror drums calculated from formulas
(5.39) and (5.40) (see Fig. 16a) with 2 Wsc = 60.1. 7 4.10

- 2 rad
and a0 = 13 5 -1.7 4"10

- 2 rad are presented in Table 5.2.

From the table, it can be seen that even the diameter of
a single mirror should be considerably larger than the diameter
of the objective, not to mention the mirror drums.
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TABLE 5.2

Number of reflecting surfaces and 4
2(0=180x 3(6=120X 4 (0=90x 6(6=60Xangle 0 corresponding to this, x .74.10-2) xl.74-10-2) l .74-10-2) l1.74-10-2)

rad

Diameter of mirror drum expressed 2D, 2.4Do 2.86D o  4D.
in terms of the diameter of the .

objective -

Distance a between axes expressed 0 -0. 5D -. 866D -1.SD
in terms of the diameter of the
objective

Length of one mirror of the drum 2D

Width of each mirror I

Another shortcoming of such scanning systems is the increase
in the width of the band being scanned from the center from the
edge of the scanning zone. If we disregard the earth's curva-
ture, then with the deviation of the instantaneous field of view /161
from the normal, the width of the band being scanned will change
in accordance with the relation

where £O is the width of the band being scanned during observa-
tion along the normal to the surface; a is the angle of
deviation of the instantaneous field of view from the normal.

With consideration of the curvature of the earth's surface,
the width of the band being scanned with the deviation of the
instantaneous field of view changes according to the law

. 1 2v:, , (5.41)
cos a cosa

where :a=R cos'a - H sin 2 a - /k R COS2 a- H sin' )2 -- sin2
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Let us point out that the second component with angles
a < 45.1.74.10-2 rad does not exceed 5-6 percent, and therefore
need not be considered in a number of cases.

Along with the examined methods, line scanning of space
can be accomplished with the use of multielement receivers or
linear mosaics. A mosaic consisting of Q sensitive elements is
placed in the focal plane of the,'objective in such a way that
the required sector of space or terrain is projected on these
elements.

The scanning of space by line is accomplished due to the
commutation of the radiation receivers -- their sequential
connection to the input of the amplifier. The passage from one
line to another occurs with the displacement of the carrier
(Fig. 1.18).

Naturally, the instantaneous field /162
of view of the instrument 2Wv in this case
is limited by the dimensions of the sen-
sitive layer of a separate receiver. If

S, all elements are commutated Nk times per
second, width k of the band scanned during

S. this time will be k = £1ineN, where kline
S is the width of the band on the terrain
/w scanned by the instrument at a given moment.

Considering that £1ine = 2WvH, we\write the condition for the contact of

Fig. 5.18. Princi- adjacent lines in the form

ple of scanning
space in a system V= Nj2 :H,
with a mosaic re-
ceiver. whence we obtain

v V
,' W,H , (5.42)

On the other hand, to satisfy the condition til kTT, it
is necessary that the following condition be satisfied

./l= k.r,il= - KQ

whence it follows

(5.43)
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Thus, the number of commutations of each element of a line
is determined by the inequality

1 V
kJQ 2WyH

We note that the employment of such mosaics in comparison
with the employment of single-element scanning instruments per-
mits employing receivers with a large time constant along with
the exclusion of large-size rotating parts.

A substantial shortcoming of the system being examined is
the complication of the electronic system due to the presence of
a commutator.

A common shortcoming of all scanning instruments with line
scanning intended for the observation of ground objects is the
fact that radiating objects are observed at various ranges which
depend on the position of the object within the limits of the
scanning angle. This circumstance leads to the difference of
signals from identical objects arranged in different.:places of
the scanning zone. Furthermore, with an increase in the angle
of deviation of the instantaneous field of view from the normal,
along with an increase in the distance to radiating objects, the
thickness of the absorbing layer of the atmosphere in the path
of propagation of the radiation flux increases. This furthers
an even greater attenuation of the radiation flux from the object
and a reduction in the signal at the output of the receiver.

Systems with a conical scanning of space (Fig. 5.19) can be
considered devoid of this shortcoming. In these systems, the

instrument rotates relative to a specific
direction, called the scanning axis. In
instruments intended for observations of

W the earth's surface, this axis is
combined with the direction of the local
vertical. In the general case, the

\\ instantaneous field of view is deflected
from the axis of rotation by the angle

W1/- a. Inasmuch as the angle a remains

\ __ constant during rotation, the dimension
of the area of the earth's surface pro-
jected on the receiver at each moment

Fig. 5.19. Principle in time also remains unchanged (if the
of scanning space in axis of rotation coincides with the
systems with conical normal to the earth's sphere). The
scanning. basic relations between the flight
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Parameters of the carrier and the characteristics of the scanning
instrument can be obtained from the following considerations.

If the instantaneous field of view rotates with a rotation
frequency of N/sec, the linear rate of its displacement over
the earth's surface (without consideration of its curvature) is

Vv,=2NHtan a (5.44)

The angular velocity of the instantaneous field of view,
determined by the expression

where L = H is the distance from the instrument to the
cos a

earth's surface with consideration of (5.44), turns out to be

equal to

2.NH tana
SWn 2nN sin a.

L (5.45)

Considering the size of the instantaneous field of view in
the direction of rotation equal to 2W, and knowing the angular
velocity wv, we find the time of illumination of the receiver /164
by an emitter within its'range ,from the formula

v .
oy T sin a

Hence, on the basis of condition (5.18), we have

N < Un or Ni -ak-r sin a.
k, sina (5.46)

From the condition of the contact of adjacent lines, the
rate of scan should be at least the speed of flight, i.e.

NI ',
SI (5.47)
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where k is the width of the circular zone scanned by the in-
strument on the ground during one revolution of an instantaneous
field of view. It is not difficult to show that

21w'
cos2 a (5.48)

where 2W( is the size of the instantaneous field of view in a
radial direction. Considering the last expression, from (5.47)
we have

Ves2a "Vos2a (5.49)

Thus, the rate of rotation of an instantaneous field of view
should satisfy the condition

,, sin a > VN >, (5.50)

With a square field of view (Wv = W"), from (5.50) we obtain

kTV sin a cos2 a
WV'-= 2 (5.51)

N= / vos2a

j 2H:a, sin a (5.52)

In a number of cases, when the satisfaction of the condi-
tion of contact of adjacent circular bands is not mandatory,
for example in plotting devices for the local vertical, re-
lations (5.46) are used to establish the connection between
various parameters of the instrument. However, here, in con-
trast to previously examined scanning systems, the value of
coefficient kT can sometimes be taken as not only less than 2,
but also even 1. This is determined by the threshold sensitivity
of the entire instrument, the amplification factor of the /165
electronic circuit, and other factors.

Variations of the schematic solution of scanning systems
with conical scanning are presented in Fig. 5.20.
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5.5. Scanning and Search Systems
Based on the Use of Fiber
Optics

The use of fiber optics
in scanning and search systems

, 1_ permits realizing various types

2 2 of scanning comparatively simply.
2In this, the shortcomings

inherent in the scanning systems
which have been considered are

S5. either completely excluded or
C~=b attenuated considerably. The

use of fiber optics permits
excluding from the instrument
schemes large-size rotating parts

-. and devices, and also increasing
' - significantly the time efficiency

of the scanning system.

As an example, let us con-
sider an electro-optical in-

Fig. 5.20. Variation in the strument with line scanning. A
schematic solution of scanning diagram of such a scanning de-
systems with the conical vice can be presented in the
scanning of space: a. with a form shown on Fig. 5.21. Its
flat mirror; b. with a rota- composition includes an objective,
ting wedge; c. with a rotating fiber converter, optical com-
off-axis parabolic mirror; d. mutator,, and radiation receiver.
with a rotating fiber bunched The role of the scanner itself
connector; 1. objective; is played by a fiber image
2. scanning element; 3. radia- converter and optical commutator.
tion receiver; 4. trajectory
of the instantaneous field of The fiber converter is a
view. device which assures the change

in the shape of the image from
a line to a ring. For this, the

input ends of the fibers are collected in a bunched conductor
having in its cross section the shape of a greatly elongated
rectangle. Its small dimension is determined by the size of the
angle of the instantaneous field of view, and its large dimen-
sion by the size of the scanning angle. The output ends of the
fibers are assembled in a ring whose dimensions depend on the /166
parameters of the optical system, scanning angle, and angle of
instantaneous field of view of the instrument. With such a
design of the converter, the image of the line is modified into
a ring. If, with the use of the optical commutator, the radia-
tion which emerges from the converter successively from each
sector of the ring is directed at the radiation receiver, the
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the entire line will be
scanned during one revolu-
tion of the commutator.
The role of the commuta-

D g tor can be accomplished
either by a lens optical
system with a diaphragm or
by a bunched conductor
which rotates relative to
the optical axis of the
objective.

In the focal plane of
the objective, we can

, - place not one, but several
lines which will be col-
lected into one ring
successively one after
the other at the output.

The width of the band /167
scanned by the instrument
with the presence of m
lines is determined by
the expression

k = 2WvmH,
Fig. 5.21. Diagram of the scanning
system with a fiber converter.

and the width of the zone
in angular measure

W = 2Wvm.

If we designate the frequency of rotation of the optical
commutator by N, then on the strength of the condition for the
contact of adjacent bands with a given speed of flight of the
carrier V, we obtain the following relation

N or N> . (5.53)S2Wy Hm ; 2Wv m

The number of scanning elements inc the! image- in the given case is

described by-the -equality.
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Q=m WC (5.54)
Wv

The number of scannihg elements-o.f which ..are-scanned. b:y. the system
in-a second will be

Q= NQ=Nm sc
Wv

whence the time of illumination of the receiver with one element
turns out to be equal to

Atl1 W
iV Q NmWsc (5.55)

From (5.55), with consideration of condition (5.18), we have

W

N.jm S* (5.56)

This relation determines the maximum allowable rate of
rotation of the optical commutator on the strength of the time
constant of the receiver. Equating the right sides of relations
(5.53) and (5.56), we find

Wv=] k Ws&V or W /
2H or - (5.57)

The expression obtained provides the opportunity to cal-
culate the maximum allowable dimensions of the field of view of
the scanning instrument with its given parameters and flight
characteristics.

If we exclude Wv in formulas (5.53) and (5.56), then,
solving them together, we obtain

V= VN= /(558)
2/-m 2krW sc or n4 c (5.58)
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Thus, in order to obtain information about all radiating /168
objects located in a given scanning band with a specific receiver
time constant, the rate of rotation of the optical commutator
should satisfy condition (5.58).

Let us show that with the use of scanning systems based on
the employment of fiber optics, the masses and dimensions of the
rotating elements are considerably reduced. As an example, let
us calculate the parameters of the converter and the commutator.
If m lines of a fiber converter are placed in the focal plane of
the objective, the overall number of sbanning elements is
determine.d by irelation (5.54). *

Considering that the area of one element of the dissociation
is Ael, the overall surface of the receiving end of the fiber
converter in the focal plane will be

As.r. = QAe (5.59)

Ae = a2

where a is the size of one s.canning~in.the focal plane.

Inasmuch as a = 2f'Wv, substituting the values of the quan-
tities in (5.59), we find m = 1

As 2 WSC f'. 2  4f'2 S (5.60)

Since the output end of the converter has the shape of a ring,
its area can be found from the expression

Aring = 27p6, (5.61)

where p is the mean radius of the ring; 6 is the width of the
ring in which the output ends of the converter fibers are
collected.

In the employment of cylindrical fibers in the converter,
the areas of the surface of its input and output ends are
identical, i.e.,
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As.r. = Aring.

With consideration of (5.50) and (5.61), we obtain the
relation for the determination of the value of the radius of
the converter ring

Q=2f 2W W (5.62)

If an objective with a focal length f' = 500 mm is employed
in the instrument and the angle of the instantaneous field of
view and scanning angle respectively equal 2 Wv 2 ' and 2Wsc =
= 40*1.74*10- rad, then with 6 = 5 mm, on the basis of (5.62),
we obtain p = 30 mm.

Thus, the only rotating part in the instrument -- the /169
optical commutator -- has a comparatively small diameter.

The description of scanning systems with cycloid and spial
scans is presented in work [4].
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CHAPTER 6. ELECTRO-OPTICAL INSTRUMENTS:.F.O.R THE ORIENTATION OF
SPACECRAFT

6.1. The Purpose and Classification of Orientation Instruments

The orientation and stabilization of a .spacera~ft..in..space are
necessary both for the solution of navigational problems and
for assuring the normal functioning of equipment for specific
purposes.

The orientation system, being a part of the system for the
control of the SC, gives it a specific position in space and
holds it in this position during the required time interval.

The orientation system permits:

- Accomplishing the stabilization of the SC in space;
- Reducing or completely excluding rotation relative to the

center of mass;
- Orienting an orbital SC relative to the earth's surface

in the accomplishment of observations and the conduct
of meteorological reconnaissance;

- Orienting the SC in the accomplishment of astronomic
observations;

- Orienting the SC before turning on mid-course propulsion
systems during orbital and interplanetary flights;

- Accomplishing the constant orientation of the panels of
the solar batteries in the direction of the sun;

- Assuring the orientation of the directional antennas toward
the earth or other objects during communication;

- Accomplishing the orientation of unmanned interplanetary
probes -(UIP) during..flights to'other. planets;

- Orienting the SC before turning on the retrofire rockets
during landing;

- Assuring the orientation of the SC during the accomplish-
ment of an approach in space and the mutual orientation of
the SC in the execution of docking and so forth.

Both passive as well as active methods of orientation can be
used for the accomplishment of orientation. Passive methods,
based on the use of the gravitational field, light pressure, andso'/170
forth are characterized by small values of the orienting moments.
A method based on the use of the gravitational field is beginning
to find application.

Of the active methods, the basis of which is formed by the
creation of orienting moments due to on-board sources of power
(inertial, radiation, radar, and so forth), the greatest
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propagation has been received by methods based on the employment
of various electro-optical instruments.

Depending on the missions accomplished by the SC, its
orientation may differ. The most widespread type of orientation
of orbital SC is their orientation along the vertical and the
course. In this case, the SC turns relative to the axis which
is normal to the plane of orbit and remains stationary relative
to the plane of orbit, i.e., it does not rotate around the local
vertical.

A widespread type of orientation is single-axis orientation
on a heavenly body when the SC has the possibility to rotate only
around the axis directed at this body, remaining stabilized for
the other two axes. We can point to orientation in the direction
of the sun, moon, or a planet as examples of such orientation.
Often such a type of orientation is used to assure the operation
of solar batteries.

In general, the orientation system has three control
channels in its composition, each of which includes measuring
devices, amplifier-converters, and slave elements.

The operating principle of the orientation system consists
of the fact that the measuring devices or data units generate
error signals of the position of the axis being oriented relative
to the given direction.

Next, the signals go to the amplifier-converters which
directly control the operation of the slave elements. As a result
of the action of the latter, the required orientation of the SC
is attained relative to reference directions. Depending on
specific conditions, the direction to the edge or to the center
of a heavenly body or the direction to a star are selected as such
reference directions.

In accordance with the initial astronomic reference point,
electro-optical -orientation instruments .canbe divided into the
following groups:

- Instruments which use the earth as a reference point;
- Instruments which use some planet as the initial reference
point;

- Instruments intended for determining the direction to the
sun;

- Instruments which determine and fix the direction to
individual stars or stellar fields.

In addition, there ekists a division into groups according /171
to the band of the radiation spectrum used for work:
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- Instruments which use the low-temperature radiation of
planets and which operate in a broad band of the infrared
region of the spectrum;

- Instruments which operate in the visible band of the spec-
trum and use the intrinsic radiation of the sun or the
radiation of the sun reflected from the moon and planets;

- Instruments which operate from the visible radiation of
the stars;

- Instruments intended for operation from radiation which
lies in a narrow section of the spectrum (radiation of a
laser, radiation of the carbon dioxide layer of the
atmosphere).

In accordance with the type of SC, the following types of
instruments are distinguished:

- Instruments for systems for the control and orientation of
orbital SC both during flight in orbit as well as before
descent to the earth. (Here, we refer to various types of
resolvers of the vertical on board the SC, instruments
for orientation of the longitudinal axis of the SC relative
to the velocity vector, and instruments for the orientation
of the SC from the sun and earth);

- Instruments of systems for the control and orientation of
SC during interplanetary flights. (Here, we efer to
systems for sun-star orientation, solar orientation, and
instruments for orientation on the earth and planets);

- Instruments for orientation of the SC which are used for
the execution of a controlled approach.

The last section of this chapter will consider the principles
for the operation and design of electro-optical orientation in.-
struments for various purposes as applicable to the latter classi-
fication.

6.2. Pulse Sensors of the Horizon

In a number of cases, stabilization of the SC in .space is
accomplished due to its rotation relative to one of its axes. A
rotating SC stabilized in inertial space will continuously change
its orientation relative to the earth. In order to determine
the position of the axis of rotation of the SC relative to the
local vertical, a pulsed electro-optical horizon sensor with a small
field-of-vision angle is installed on board. The optical axis of
the sensor comprises a right angle with the axis of rotation of the
SC. As a result, with the rotation of the SC the field of view
of the sensor will describe a complete circle, periodically inter-
secting the earth's surface. The sensor is an instrument
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consisting of an objective in whose focal plane a radiation
receiver is installed and an amplifying electronic circuit. With
the intersection of the boundary between space and the surface of
the earth by the instantaneous field of view, signals will arise
on the output of the sensor. From these signals, the time inter-
vals may be obtained during which the field of view id directed
at the earth and into space. The angle between the axis of rota- /172
tion of the SC and the local vertical is determined from the
relationship of the time intervals, which provides the opportunity
to determine the coordinates of the sectors of the earth's surface
scanned by the satellite's apparatus from the known orbit parameters.

Fig. 6.1 shows the position of a
spacecraft which is stabilized by rotation
relative to axis bb' and which rotates

S c through an orbit with altitude H. As
a result of the rotation of the SC
around axis bb', the earth's surface
will appear in the sensor's field of

, view at some moment of time tl and
will remain there until moment t2, i.e.,
during interval

0 At= t2-t.

After interval At2 at moment t3,
the sensor's field of view will again

Fig. 6.1. Diagram of approach the horizon and will be
the determination of the directed at the earth and so on, in
position of the axis of which regard
rotation of a vehicle
relative to the local
vertical. At2=t3-42

The relationship between intervals Atl and At2 permits
finding the size of the angle of rotation (28) of the SC when the
earth remains in the field of view of the horizon sensor. This
relation has the form

t2  n- (6.1)

We find the value of angle a, which determines the position
of the axis of rotation of the SC relative to the local vertical
(using the geometric construction of Fig. 6.1), from the relation
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1'rReH + H2 (6.2)
(Re + H).cos 8

where Re is the radius of the earth.

The described method for determining the axis of rotation
of the SC relative to the local vertical found application in
satellites of the "Tiros" types (US). Used as a horizon sensor
on these SC is a compact (25 mm x 25 mm x 150 mm), light (230 g),
narrow-band radiometer consisting of a germanium objective,
immersion thermistor radiation receiver, and semiconductor
amplifier. The field-of-vision angle of the sensor is 0.0225 /173
rad [34]. Time intervals At1 and At2 are read from the distances
between the positive and negative pulses which arise on the output
of the amplifier with the intersection of the space-earth boundary.
In this, a positive pulse arises with the crossing of the boundary
in the space-earth direction, and a negative pulse in the earth-
space direction. A typical appearance of the signals is pre-
sented in Fig. 6.2. Information obtained over the telemetry
channel is transmitted to ground processing points where, on the
basis of the indicated records, the orientation of the SC with
respect to the earth is determined (the position of the axis of
rotation of the SC relative to the local vertical is determined
with an accuracy of ±0.035 rad). The coordinates of the areas
being observed,,are determined on the basis of these same records.

Signals from on board
the SC are used to feed the
corresponding commands
to turn the measurement

A ._ . . .. infrared and television
t, V equipment on and off. To

obtain steady stabilization
l_ __ t _ . and satisfactory data in

finding time intervals At1
and At2, the frequency of
rotation of the SC should
be within the limits of

Fig. 6.2. Typical appearance of 36 0-3600/sec.
signals of a pulsed horizon sensor.

From Fig. 6.1., it can
be seen that with some invariable position of the axis of the SC
in inertial space, on some sectors of the orbit the axis of the
horizon sensor does not intercept the earth and the sensor does
not issue any information. To exclude such a position on later
orbits of the satellites, a block rather than one instrument is
used consisting of two independent sensors whose optical axes
are inclined at an angle of ±0.38 rad from the normal to the axis
of rotation.
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Up to the present, instruments which permit immediately
determining the position of the axis of yaw relative to the
local vertical and generating the corresponding error signals
have received wide application in space technology. These
instruments have received the name of local-vertical resolvers.
Several methods for constructing the local vertical are dis- /174
tinguished [32]. They include the following methods: the
method of secants, following the horizon line with the use of
scanning and nonscanning instruments and others.

6.3. Principles and Equipment for Determining the Local Vertical
by the Metho of Secants

The method of secants is also based on the use of the
temperature contrast between the earth's surface and outer space
and is used on SC which are stabilized with respect to the local
vertical for the determination of the position of the axis
being oriented (usually the axis of yaw) relative to the local
vertical and the generation of the necessary error signals which
control the operation of the stabilization system. In order to
accomplish the stabilization of the SC relative to the local
vertical, the error signals should be generated in two mutually
perpendicular planes, i.e., along the roll and pitch channels.

For the realization of the method of secants', two
electro-optical scanning instruments are.installed aboard the SC.
The sighting axes of these instruments intersect the earth's
surface periodically in two mutually perpendicular planes during
operation. Hence, it received its name of the method of
secants. The scanning plane of one instrument is parallel to
the plane in which the axes of yaw and roll lie, and the scanning
plane of the second sensor is parallel to a plane which passes
through the axis of yaw and pitch. The scanning instruments
are installed on board in such a way that their axes, inter-
secting each other at a right angle, lie in one plane perpendic-
ular to the yaw axis of the SC (Figs. 6.3, 6.4). The instanta-

Sensor's san-axis of neous field of view of each
taneor's instan- -orientation of the ins.truments is
of view field . deflected from the 00' axis

orientation by the angle a and rotates
i m5y I around it, describing a cone

with the angle 2a at the
o C apex. The value of angle a

depends on a number of
factors and may reach f/2.

Fig. 6.3. Diagram of the arrange- During scanning, the
ment of the sensors of an electro- instantaneous fields of view
optical resolver of the local of the instruments are

vertical which operates with the periodically directed

intersections method.
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first at the earth's sur-
face, then at space. During
one scanning cycle, i.e.,

Objective during a complete revolution /175
Radiation To of the scanning element, the

_ computer instantaneous field of view
anfn To controli crosses the horizon twice.

Scanning system When the earth's surface
element comes into the field of

Fig. 6.4. Diagram of a sensor on view, signals appear

board a space vehicle. at the output of the
instruments which are
caused by the earth's thermal
radiation. An idealized

shape of the signals at the output of the radiation receiver of
one of the instruments is shown in Fig. 6.5. The duration of the
pulses at the output of the receivers depends on the frequency
of rotation of the instantaneous field of view and the angular
dimensions of the earth's surface in the plane of its inter-
section by the sighting ray and the pulse repetition frequency
is determined by the scanning frequency. The duration of pulse
At from the output of the receiver, the value of angle 28 which
corresponds to it (Fig. 6.6), and time segment T-At are inter-
connected by the relation

At P
T-At s - (6.3)

where T is the scanning period.

The value of angle 28 within whose limits the instrument's
instantaneous field of view continues to remain directed toward
the earth during scanning is a function of the altitude of flight
of the SC and the angle of slope of the sighting axis to the axis
of rotation of the instantaneous field of view. From the diagram
presented in Fig. 6.6, we have

P= arccos = arKcos H+ (6.4)
AE AE

where h is the rise of the earth segment measured from the plane
in which tbe chord DE, which connects the points of intersection
of the sensor's sighting axis with the earth's surface,lies; AE
is the tangent to the earth's surface.

We find the quantities appearing in formula (6.4), using
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Fig. 6.6

AE=L.sin a and h=R(1-cosy),

where

L=CE=/ 2 eH+H' and cosy= e
Re+H

Substituting the found values in (6.4), we obtain

H+Re( I -Re-
P=arccos _R+ H (6.5)

sin a J2/R+H2I

whence, after simple conversions, we find

= arccos l_= + H
( + n)sina (6.6)

With consideration of (6.6),/177
from (6.3), we obtain

t 2  ;TI

• " aF arccos V2Re .. F
T n (Re+ H) sin a

1(6.7)
Fig. 6.5. Sequence of pulses read
from the output of one of the radia-
tion receivers of the vertical The dependence of the
resolver. relative duration of the

pulses from the output of
the radiation receiver on

the size of the angle between the axis of rotation and the
sighting angle of the sensor and also on the altitude of flight
of the SC is shown in Fig. 6.7. From the graphs, it can be
seen that with oscillations of the SC relative to the local
vertical, the maximum values of the amplitudes of the oscillations
with a given size of the angle depend on the altitude of flight
and may achieve great values without causing a substantial
change in the duration of the pulses.

The formation of the error signals of the axis of yaw of the
SC with the local vertical in the method.of.secants can be accom-
plished in different ways. Applicable here are phase, time,
and phase-timemethods of forming the control signals.
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With the phase method of
discriminating error signals, en-
visioned in the instrument scheme is
a device which generates reference
signals. The comparison of the phases
of the operating and reference sig-

Snals and the obtaining of information
about the degree of their difference
permits forming the necessary error
signals.

E- The pulses read from the output
-P of the receiver are a periodic sig-

0 nal which can be written in the
form of a time function

Fig. 6.6. For the deter-
mination of the duration f(t) = f(t + T),
of pulses from the output
of the radiation receiver
of a vertical resolver where T is the pulse repetition period.
which operates with the
method of secants.

0,4 - =. 5 7pa I 04 H=SOOKm

34-ad 1 PM

Key: 2 pa 1. rad

s- -500 0it

500 7000 2000 3000 4000 H K m 0,5? 0,7 0,82 1,05 1U2 4 157 -
a) b) OL paa 1

Fig. 6.7. Dependence of the relative duration
of square pulses on the angle of
slope of the sighting axis (a) and
the altitude of the orbit (b).

Key: 1. rad

It is known that the periodic function f(t) is expressed /178"
by the sum of the harmonic components in the form
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where An==- f(i)e-i" '' d is the complex amplitude of the

n-th harmonic; n = i, 2, 3... is the ordinal number of the har-

monic; =n=2j is the frequency of the first harmonic;

T = t2 - tl is the pulse repetition period (scanning period).

From (6.7), it follows that with any altitude of flight of
the SC, the duration of the pulses At will always be less than
half the period T, and their sequence has the form shown in
Fig. 6.5,, where the moment of time relative to the start of
the reading is designated by tl and the amplitude of the pulse
by U. The corresponding time function of the given sequence is
expressed in the following manner

Um with I. .t,=t,+ t;

O0 with ,t<t irT.

_As applicable to the indicated sequence, the expression for
An takes the form

t,

2 2All = U e-j" - -n t di(e-jno,t , -e,-,,,)

whence, considering that t2 = t1 + At, we have

sin -
-A, 2Umt e in, +At,2)

r noIAt (6.8)
- 2

Here, 'the constant- component and parameters of the
harmonics are determined by the relations

- Constant component A=Ut .9)

sin
- Amplitude of harmonics An=2Um A 2 (6.10)

2
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- Phase of harmonics o,==itI A)(rn-1)r, (6.11)

where m is the ordinal number of the interval --

Since the reference signals in the phase method are a sine- /179
wave alternating 'voltage, only the 'first harmonic of the operating
signal is usually used for the forming of the error signals.
On the basis of (6.10) and (6.11), its parameters are characterized
by the relations

sin ----
,=2 Um,,t - 2

T olM

2-

1=w (t, + At/2).

Whence, with consideration of (6.7), we obtain

u- B 1 21/m~-j/ 22p# + H2sin arccos 2+H2

' T *. T arccos J-2 H + f2(R + H) sin a

(Re+ )in (6.13)

Discrimination of the first harmonic is accomplished with
the use of narrow-band resonance filters tuned to the required
frequency which equals the scanning frequency. As a result, a
sine-wave voltage is fed to the input of the device for the
formation of the signal which is described by the relation

U= Ua sin (+t 0+ , I

where a is the amplification factor of the circuit.

If this voltage is fed to the input of a phase-sensitive
detector which operates in the key mode and is controlled by
signals of the reference voltage, the constant component of the
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operating signal at its output proves to be proportional to the
angle of phase shift 01l. Actually, by analogy with (5.4), we
have

UI U l a sina cose
A a (6.14)

Accordingly, for the second channel, we will have

U=_'o acosO. (6 .15)

Designated in formulas (6.14) and (6.15) are: el and 02 are the
components of the error angle of the SC with the local vertical
for pitch and roll respectively; Ula and U2a are the amplitudes /180
of the signals at the input of the phase-sensitive detectors
in the pitch and roll channels.

An analysis of formulas (6.14) and (6.15) shows that the
value of the output signal is linearly dependent on the error
angle within limits of 0 = ±0.6 rad.

A functional diagram of the instrument which forms the
error signals in accordance with the method considered is
presented in Fig. 6.8. Instruments of the indicated type can
give satisfactory results with the orientation of SC which rotate
in orbits with altitudes of from 180-200 km up to
several thousand km.. The orbit may be circular as well as
elliptical. The error in the determination of the position of the
local vertical by instruments which realize the intersections
method, with the phase method of forming control signals
depending on the altitude of flight of the SC, lies within limits
of from ±1.72.10-2 rad to ±0.172.10- 2 rad [58, 59, 65].

Orientation instruments created in accordance with such a
scheme were employed successfully to assure the orientation and
stabilization of several elements in the experimental launchings
of the Atlas, Thor, and Jupiter rockets, and also on the Mercury
spacecraft. A layout diagram of one such instrument is
presented in Fig. 6.9 [57, 63]. There is a window in the front
wall of the instrument which is closed by a germanium filter.
The scanning element in the instrument is an optical wedge of
germanium with a taper angle of 0.26 rad. The radiation
which has passed through the wedge is directed to the germanium
layer of an immersion bolometer which simultaneously fulfills
the role of instrument objective. All optical parts of germanium /181
are coated for a wavelength of X = 12.5 pm. Graphs of the change
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in the coefficient of spectral transmission of one germanium
part with two-sided transmission augmentation and of the entire

optical system with transmission augmentation on a wavelength
of X = 12.5 1im are presented in Fig. 6.10. With the use of the

scanning element, the instantaneous field of view of the instru-
ment which has dimensions of from 0.035 to 0.24 rad deviates
from the normal by an angle of 0.96 rad. The scanning frequency
in this instrument is 30 Hz. The power supply source and thB
electronic device in which the processing of the signals,which
are read from the output of the radiation receiver, occurs comprise
a compact unit assembled on printed circuits. The instrument
is completely hermetically sealed and filled with dry nitrogen
under a pressure of 1.29*105-1.35-105 Pa. To raise the
dependability and effectiveness of operation of the instruments, /182
blocking is provided for in their circuits in the event thatthe
sun lands in the field of view.

Automatic
gain -
control

Device for dis-
Phase-sensi- criminating the

Receiver Amplifier tive detector constant compo- Modulator
nent

Ist channel

S Reference To control
Drivevoltage Amplifierl

generator system

Reference
Drive 'voltage IAmplifiergenerator

2nd channel

Phase-sensi- Device for dis-
Receiver Amplifier tive detector criminating the _4Modulator

constant compo-
nent

Automatic
Sgain (---

control

Fig. 6.8. Functional diagram of the resolver of the local vertical
which operates with the method of secants.

193



Qn spacecraft
which are rotating

Drive Rotating in circular orbits
motor assembly with a given altitude,

error signals over the
pitch and roll channels
can be formed funda-
mentally with the use
of only one instrument
which operates accord-
ing to the scheme

Spresented in Fig. 6.11.
In this case, the
formation of the error

lectronics Germanium - signal over the roll
bolometer lens channel is accomplished

just as in the vari-
Fig. 6.9. Layout diagram of the scan- ation considered above,

ning head of a local-vertical resol- i.e., with the use

ver which operates on the method of of the phase method

secants. for discriminating
the control signal.

t For forming the

,.0 error signal over the
0.8 pitch channel, use

S 0 can be made of infor-
0., omation on the dura-

S~ 6, tion of the pulses

, 2 ,r? s 20o tm- 6 2 A J tm read from the output
0) - of the receiver. In

Fig. 6.10. Spectral transmission of order to obtain a con-

germanium optical components exposed trol signal over this

to a wavelength of X = 12.5 pm: a. one channel, pulses from

component with exposure from both sides; the output of the
p system of four - receiver are also

S. codmplex opticil system of four used here for
components. triggering the genera-

tor of the reference
signals which, together

with the amplified operating pulses, are fed to the coincidence

circuit. The duration of the reference pulses should corres-

pond exactly to the duration of the operating pulses 
from the

output of the receiver with the correct orientation of the SC

(i.e., with the matching of the axis of yaw with the direction

of the local vertical), and for given parameters, the orbits

are determined from the expression

at- arccos 12. (6.16)
, (Re+ H) sin a
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Automatic IIFrequency- Device for

Drive gain Amplifier sensitive discriminating I  Modulator

icontrol  , detector constant com-
ponent

Roll channel W To control
Receiver ---- Preamplifier i Amplifier

system (for roll)

To control

Pitch channel Amplifier i

system (for pitch)

lAmplifier --- Detector Amplitude -- 4 Flip-flop Modulator
l im i te r

oduator

Reference- Device for dis-
Differential Detector > signal Coincidence criminating

element generator I I c ir c u i t  constant

component

Fig. 6.11. Functional diagram of a system for forming control
signals over two channels with the use of one
scanning head.
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The deviation of the axis of orientation of the SC from the
local vertical for pitch causes an increase or decrease in the
duration of the operating pulses from the output of the re-
ceiver. As a result of the comparison of the operating and /183
reference signals, the constant component is discriminated whose
value and sign determine the pitch error. A shortcoming of this
method of forming error signals for pitch is the necessity to
change the duration of the reference signals in accordance with
the change in the altitude of the spacecraft above the surface
of the earth (elliptical orbit).

The time method.of forming error signals over the pitch and
roll channels in the vertical resolvers which operate with the
method .q. secants -is based on the measurement of the time
inteivals between the reference (sighting) pulse and the pulse
which arises on the output of the radiation receiver with the
intersection of the earth's surface by the instruments's
instantaneous field of view. We will explain the essence of the
method with the aid of the diagram presented in Fig. 6.12a, which
shows: lines tangent to the surface of the planet; the yaw axis
of the SC which is oriented according to the local vertical; the
reference sector.

During scan-

-Reference 4 ning, the instan-
sector taneous field of

T - view of the
Uo _ instrument periodi-
S' callyihntersects

Local i the earth's surface,
axis of aver - as a result of which
the SC pulses arise on

- _the output of the
. ., , radiati.on receiver

Earth - -whose duration is
determined by
expression (6.16).
Furthermore,

___: _reference pulses
a) - are generated in

b) the electronic
circuit of the
instrument. The

Fig. 6.12. Operating principle of the position on the
resolver of the local vertical which time axis and the
operates with the method of secants duration of these
and is based on the use of the time method pulses are deter-
of forming control signals: a. essence of mined by the posi- /184
the method; b. nature of the output signals. tion and angular
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dimensions of the reference sector. Thus, in the electronic
circuit of the resolver, with a given method of forming the
error signals, series of periodically recurring electrical
pulses are formed over each channel (Fig. 6.12b). The pulses
shown by the dotted line pertain to the time intervals when the
instantaneous field of view is located within the reference
sector with angular dimension y and apex at the point of inter-
section of the yaw axis with the local vertical. The pulses
portrayed by the solid lines arise in those time intervals when
the instantaneous field of view is directed at the earth's
surface, i.e., when it passes through the sector between the two
tangents to the surface of the planet. Let us point out that
the radiation of the earth's surface is not perceived by the
instrument with the location of the instantaneous field of view
within the limits of the reference sector. The angle 01 between
the yaw axis and the local vertical in the scanning plane being
examined is the sought error angle and can be determined in the
following manner.

If v1 and v2 designate the angles between the boundaries
of the reference sector and the tangents to the surface of the
planet, it is obvious that

=-- (V-)- ) (6.17)

The pulses obtained from the output of the radiation re-
ceiver are used to form series of auxiliary pulses. The pulses
in the auxiliary series have durations equal to the time intervals
when the instantaneous field of view passes through sectors vl
and v2, respectively. The auxiliary pulses which correspond to
sector vi can be created, for example, by triggering a flip-flop
at the moment which corresponds to the trailing edge of the
reference pulse and by resetting the flip-flop by the
leading edge of the pulse received from the planet. The pulses
which correspond to sector v2 are created by the trailing edge
of the operating signal and the leading edge of the reference
pulse. The reference pulse. may be. generated with the
use of various sensors, for example, with the use of the mag-
netic sensor of the scanning mechanism. We also note that all
auxiliary pulses have the same amplitude.

The mean value of the voltage of the sequence of pulses
which correspond to sector vl is determined from the expression

U,=U V,
2a ' (6.18)
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where U is the amplitude of the auxiliary pulses; Ul is the
mean value of the voltage created by the sequence of pulses.

The sequence of pulses which correspond to sector v2 causes /185
the mean voltage U2 equal to

U =U .
2- (6.19)

Subtracting (6.18) from (6.19), we obtain

AUI=U2U = 1 (VI -3 V

whence, with consideration of (6.17), we have

A = U era (6.20)

This relation shows that the difference voltage AU is
proportional to the error angle of the yaw axis of the SC with
the local vertical in the scanning plane. In a similar manner,
the error is determined in the other scanning plane where the
second scanning instrument is used. Thus, voltages AUI and AUII
completely describe the position of the yaw axis of the SC
relative to the local vertical. These voltages are used for
the forming of control signals in the system for stabilization
over the pitch and roll channels.

6.4. Principles and Equipment for Determining the Local Vertical
by the Method of Tracking the Horizon Line

The method is based on the use of the temperature contrast
which exists between the earth's surface and outer space and
can be realized with the use of three- or four=channel electro-
optical. resolvers of the local vertical. The simplest instru-
mental realization of the indicated method is the installation
of a four-channel nonscannig instrument on board the SC whose
fields of view of the channels are arranged in pairs in two
mutually perpendicular planes. The optical axes of
the channels deviate from the axis of the spacecraft being oriented
(pitch axis) by the same angle. The size of the angle depends
on the altitude of orbit and is so selected that with the correct
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orientation of the spacecraft, the optical axes of the channels
coincide with the tangents to the earth's surface. The angle of
view of each sensor should be such that both the earth's surface
with its surrounding atmosphere and outer space are projected to
the radiation receiver simultaneously (Fig. 6.13). The second

condition on the strength
of which the shape and
dimensions of the field

Sensor's field of view are selected is
of-view c the condition of as-

suring the operation
of the vertical resolver
with a change in the
altitude of orbit of
the SC within certain

a 4 given limits.

Earth's horizon With the use of the
a) b) four-channel instrument,

on board the SC the
Fig. 6.13. Principle of construction position of the earth's
of the local vertical with the use of horizon relative to the
a four-channel nonscanning instrument: optical axes of the
a. precise orientation along the ver- channels is constantly /186
tical of the SC; b. axis of the SC determined. The forma-
deflected from the vertical; 1, 2, 3, tion of error signals
4. fields of view. for pitch and roll can

be accomplished with the
use of the scheme

ST'jconjrol presented in Fig. 6.14.
syst tem:-  The radiation receivers

Sa of each pair of chan-
nels are connected

U0 at the input in
. opposition. One

pair of receiver
To control (channels 1 and 2)

2 system 4 assures the formation
of error signals for

U 4 aA pitch, and the second
"1 IE_ Ut (channels 3, 4) for

9TI roll.

With such a scheme,
the output error

Fig. 6.14. Basic circuits of a system signals prove to be
for the formation of control signals proportional to the
in a four-channel vertical .resolver. values of the angles

of deviation of the
Key: a. Uref yaw axis from the
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direction of the local vertical for pitch and roll if the devia-
tion does not exceed the dimensions of the field of view of one
channel. When the value of the angle of deviation is larger
between the axes of the channels, the output error signal is
constant in value and equals its maximum value.

Actually, if the energy brightness-B of the earth's surface
within the limits of the fields of view of channels 1 and 2 are
identical, the value of the signal from the output of each
receiver will be proportional to the irradiated area of the sensi-
tive layer which is determined by the size of the area of the
earth's surface which is projected on the receiver. In turn,
this area can be expressed in angular dimensions by the relation

A=WoW;cLc,

where WO and W'j are the dimensions of the fields of view within
whose limits the earth's surface is projected on the radiation
receiver; cl is the proportionality factor.

The signals fead from the outputs of the receivers of /187
channels 1 and 2 can be presented in the form

U1 -= Scac2W 0W
and

-,.= SccWoW,

where S is the integral sensitivity of the radiation receivers
(taken as the same for both receivers); c2 is the proportionality
factor which considers the parameters of the optical system.

Subtracting these equations, we get

AU,= ScIc2Wo(W- W ;). (6.21)

It is easy to see that the angle of deviation of the yaw
axis from the local vertical e is
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With consideration of the last relationship, from (6.21)
we find

AU,=2Sc1c2Wo-. (6.22)

Oneof the possible ways for creating such an instrument is
the use of a wide-angle:objective in whose focal plane four
radiation receivers are placed by pairs in two mutually per-
pendicular directions. The distance between diametrically op- /188
posite receivers is determined by the parameters of the optical
system and the angle which must be subtended by the
earth's horizon a which depends on the altitude of orbit. As an
example, Fig. 6.15 presents a scheme of a vertical resolver
with a wide-angle objective [11, 35].

Bolometers connected by pairs
Spectral:filter- in two bridge circuits are used as

radiation receivers in the instrument.
The deviation of the yaw axis of the
SC from the direction of the local

etec lectron vertical causes the disruption of the
portion balance of the bridge and the appearance

of an error signal which is used to
SWid angle lens restore the correct orientation.

Fig. 6.15. Schematic In order to exclude the influence
diagram of a local of the sun on the operation of the
vertical resolver with instrument, in addition to the basic
a wide-angle objective. group of receivers, it contains one

more group of-four receivers turned
by the angle w/4 with respect to the main group. When
the sun's rays .f:all onto the field of view of one of the
receivers of the first group, a signal is generated which puts
the second group into operation. In this case, the error signals
formed over the channels first go to the coordinate-converter
and only then to the servo elements.

The receiver of the vertical resolver itself as well as a
special receiver can be used as a sensor which determines the
presence of the incidence of solar rays in the field of view of
the receivers of the first group. In the latter case, the.
fields of view of the channels of the device for protection from
solar radiation should correspond to the fields of view of the
individual receivers of the main group or exceed them somewhat.
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The optical system of the instrument consists of a germanium
lens objective and a germanium filter. The optical parts are
coated for radiations with wavelengths of 14-15 *m. The in-
strument possesses minimum sensitivity to radiations with wave-
lengths of about 12 pm and a maximum in the region of 14-15 im.

The instrument assures the determination of the vertical with
a precision on the order of 3.1.74-10-2 rad.

Another variation for the instrumental realization of the
method for determining the position of the SC being oriented
relative to the local vertical is possible. In this variation,
use is made of an optical system which is common for all channels
in whose focal plane the necessary number of radiation flux
receivers is arranged. A diagram of the instrument.'s optical
system is presented in Fig. 6.16.

The operating principle of such a /189
vertical resolver consists of the fact
that the radiation of the space
located in front of the instrument is
focused with the aid of the objective
in the focal plane where the image of
this space is also constructed. Thanks

S2 to the presence of a mirror cone, a sort
of "reversing" of the image occurs.
As a result, the image of the inner

S 3 zone of space is constructed in the
focal plane at some distance from the

Image of axis of the instrument. At the same

the sky time, the image of the- outer zone of
Se Earth '!s space is constructed close to the

-radiat'ion optical axis which either coincides
with the axis of the SC being oriented
or is parallel to it.

Fig. 6.16. Diagram of With the correct orientation of
the construction of the the SC, when the optical axis of the
local vertical with a instrument coincides with the direction
cone-lens optical sys- of the local vertical, the image of
tem: 1. optical cone outer space will be constructed in
with mirror coating; the region of the focal plane near the
2. lens objective and axis and the image of the earth's
special filter; 3. ger- surface not overlapped by the cone will
manium modulator; 4. be along the edges. Seven radiation
receiver of earth's receivers are placed in the focal plane.
radiation. Four of them, which form the sides of

a rectangle, are connected similar to
the arms of a bridge. One
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pair of diametrically arranged receivers is used for the orienta-
tion of the SC for pitch, and the other for roll.

The deviation of the axis of the SC being oriented from
the direction of the local vertical causes a shift of the image
in the focal plane and the appearance of signals on the outputs
of the bolometers. These signals are initial for the forming of
error signals and the subsequent control of the position of the
SC.

The three remaining receivers are arranged on one line in
the center of the focal plane. The central receiver perceives
the radiation from space alone and the other two react to the
earth's radiation which falls on them with a reduction in the
altitude of flight when the dimensions of the image of outer
space in the central zone of the focal plane are reduced.

With the.presence of a wide-angle objective, the scheme of
the instrument can be executed without a mirror cone. In the
scheme of the given instrument, the cone is employed to reduce
the dimensions of the image, and, consequently, to reduce the
maximum value of the field of view of the objective with the /190
maintenance of the required dimensions of the scanning zone.
At the same t.ime.,-the optical syst-em employed- in the. -instrument is
sufficiently wide-angle, which provides the possibility of using
it on SC with low altitudes of flight. We note that the range
of operating altitudes where the orientation of the SC can be
accomplished with a given precision is determined by the size
of the angle at the apex of the cone. An instrument with a lens
optical system and mirror cone permits accomplishing the
orientation of the SC relative to the local vertical at altitudes
of orbit of from 80 to 1600 km, and in some variations (with a
change in the angle of conicity) -- up to 160,000 km. An element
sensitive to solar radiation is mounted 6n the outside on the base
of the cone. With the incidence of solar radiation in the field
of view, it generates a voltage which disconnects the ger-
manium modulator.

Along with the interruption of the radiation flux which
arrives at the instrument, the germanium modulator accomplishes
one more function -- it eliminates the incidence of the intrin-
sic radiation of the elements of the instrument. The frequency
of modulation of the radiation flux is 10 Hz.

The instrument possesses sensitivity to radiations in the
spectrum band from X = 11 to X = 20 pm, where the intrinsic
temperature radiation of the earth's surface lies. Therefore,
the instrument is capable of operating on the day as well as on
the night sides of the earth, assuring a precision of 0.1.1.74*
.10_2 rad. It can be presumed that the figure presented
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characterizes the instrument error and not the precision of
determining the position of the SC axis being oriented relative
to the local vertical, which will be considerably greater.

The merits of the vertical resolvers considered are:

- Comparatively small masses and dimensions (mass n 3 kg;
volume, 2 cubic decimeters);

- Small power, consumption (does not exceed 6 W)';
- Absence of rotating and moving parts, which extends the

service life of the instrument;
- The possibility of using the instrument for checking
position at the beginning and course correction at the
end of the powered section of a rocket trajectory.

Among the shortcomings of the instrument, we should include
its applicability only on spacecraft which are in circular
orbits or orbits close to circular. Naturally,
the deviation in height of orbit from the calculated one lowers
the precision of orientation.

Attempts to eliminate these disad.vantages or
reduce their influence led to the creation of more complex
instruments capable of forming error signals with high precision
which determine the position of the yaw axis of the SC relative
to the local vertical in a broad range of altitudes. An ex-
ample of such a type of instrumental realization is the use of
vertical resolvers consisting of three or four scanning tracking /191
sensors. The diagram of the optical system of one such sensor
is presented in Fig. 6.17 [62, 63].

The instantaneous field of view of each sensor, with size
W1 x W2 , which is limited by the dimensions of the sensitive
layer of the receiver of radiation flux, fluctuates within
radial directions with some amplitude W which characterizes the
scanning zone of the sensor. Depending on the position of the
earth's horizon within the limits of the zone scanned by each
sensor, signals are generated in the system which are used for
matching the middle of the zone being scanned with the horizon
(earth-space boundary). The change of the signals from the
output of the radiation flux receiver with time with a change
in the position of the scanning zone relative to the horizon line
is illustrated in Fig. 6.18.

The forming of error signals of the middle of the scanning
zone with the horizon line can be accomplished, for example,
with the comparison, for duration, of the operating "ignals read
from the output of the receiver with the reference signals.
In this case, the duration of the reference pulse should comprise
half the scanning period, which corresponds to the matching of
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the middle of the scanning zone with the horizon line. Feeding
the operating signals together with the reference signals to the
matching unit, pulses are obtained on its output whose duration /192
characterizes the amount of deviation of the middle of the
scanning zone from the horizon line, and the polarity determines
the direction of the error. Thus, the constant component, being
discriminated from the obtained series of pulses, describes both
the value as well as the direction of the error.

RPgion- of
i'scaniof.instan-
Stneus field

\Or view
S " .Instantaneous

field of view
Hori- 2 2zon 4 cal

vertica
Satellite s

Protec- trajectory a)
tive window I

Rocking Al nit for Control
S- tracking - er ormation-mirro ier f control system

y t Bolometer signals

5 Inclined
S rocking,

mirror

Fig. 6.17. Diagram of the construction of the
local vertical with the use of four
tracing horizon sensors: a. scheme;
b. schematic diagram of the resolver.

The discriminated signal is fed to the-reversible drive of a
rocking tracking mirror, as a result of which the matching of
the middle of the scanning zone with the horizon and its reten-
tion in such a position during the entire time of operation of the
orientation system are assured.

The sizes of the angles a between the SC axis being oriented
and the directions which pass through the middle of the scanning
zones after their localization on the edges of the earth's
disk characterize the position of this axis with respect to the
local vertical. Since the yaw axis of the SC will coincide
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with the direction of the
local vertical only in the

ST I JT1/ 2 T t case of the equality of
angles al and a2, c3 and a4,
the signals which characterize

ST 2 ' 3T 2T t the difference in these /193
pairs will contain informa-

,,, ' 1 tion about the magnitude and
Il2T I 1 2 t direction of the error.

T IT rl2i/~ f: The amount of deviation
-I 1 of the SC axis being oriented

from the direction of the
,F 11 , - _ local vertical is described

T2 T 2 2T I by a relation of the type

T2 L T JTU 2T

Fig. 6.18. Nature of the change 2 1 (6.23)

of signals at the output of a
radiation receiver with a change
in the position of the scanning where al and a2 are the

region relative to the horizon: angles between the SC axis

a. mean position of the scanning being oriented and the direc-

region matched with the horizon; tions to the horizon line;
b. mean position of the scanning 8 is the component of the

region shifted in the direction angle of error of the axis

of the earth's surface; c. mean being oriented with the

position of the scanning region direction of the local

shifted in the direction of vertical in the plane of one

space; d. pulses of reference pair of sensors.

signals; e. pulses on the out- If the rockingmirors
put of the coincidence circuit

which correspond to the posi- are connected to sensors whose

tion of the scanning region in output voltage is proportional
case b; f. pulses on the out- to the angle of deviation of

the mirror from the initialput of the comparison circuit
which correspond to the posi- position,

tion of the scanning region al a2
in case c. i.e., U1 = q T and U2 -2 '

the difference of these vol-

tages

&I1 =U 1-U 2=q (-2)

(6.24)

characterizes the error of the SC axis being oriented with the
local vertical in the plane of the given pair of sensors. From

206



(6.24), with consideration of (6.23), we obtain

where q is the proportionality factor.

The described method of orientation can also be accomplished
with the use of only three sensors whose axes are arranged at
angles of r/2 rad to each other, and their projections on the plane
normal to the axis being oriented comprise angles between each
other equal to 2/3r rad. However, in this case the forming of the
error signals over the channels becomes complicated.

The orientation equipment which realizes the second variety
of the method being examined can assure the determination of the
position of the SC axis being oriented with respect to the local
vertical with flight altitudes from 120 to 36,000-40,000 km.

One of the instruments of this type [62, 63] can assure the
matching of the middle of the scanning region with the horizon
line with a precision of up to 1.74.10-3 rad. The instantaneous
field of view of each sensor with size of 8.7.10-3 x 5.2.10-2 rad
fluctuates in a radial direction within limits of the angle
7.85.10-2 rad. A bolometer with a germanium immersion lens is
used as a radiation receiver in the instrument.

The considered instrument, besides assuring the orientation
of the SC with large flight altitudes which exceed considerably
the maximum altitudes of the vertical resolvers which operate
with the -.method of secants possesses one more substantial
quality -- an increase in the period of service due to the /194
absence of continuously rotating parts.

Let us consider one more vertical resolver which accomplishes
the tracking of the horizon line. Here, space is scanned with
the rocking of small flat mirrors under the influence of an
electromagnet. A diagram of such a sensor is
shown in Fig. 6.19.[35]. Its composition includes a wide-angle
lens objective, four flat rocking mirrors, and four radiation
receivers. The mirrors and receivers operate in pairs, assuring
the scanning of space in two mutually perpendicular planes.

The flat mirrors are fastened to symmetrically installed
flat springs. One end of the spring is connected with the housing,
and the other with a voice-coil.

With the correct orientation of the SC, the objective 1
constructs an image of the earth. With the use of the rocking
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mirrors, small sections of the
image of the.earth's edges land
on the sensitive layers of
the radiation receiver. Because
of the synchronous rocking of

/ \the mirrors under the action
of the oscillations of the voice

/// coil, the scanning of diametric-
Radiatio ~/ Mirro Radiation, ally opposite sections of the

earth's horizon is assured. As
a result of this, electrical
pulses appear on the output of
the receivers -with.recurrence rate
equal to the scanning.frequency.

The duration of the pulses
Fig. 6.19. Diagram of a re- depends on the position of the
solver of the local vertical SC axis being oriented relative
with flat rocking mirror: to the direction of the local
1. objective. vertical. The-dura-

tions of the pulses from the
opposite radiation flux receivers

will equal each other only with the correct orientation of the
SC. A functional diagram of the forming of control signals
over one of the channels is presented in Fig. 6.20. Since
the time method of forming error signals is employed here, the
output signals should have identical amplitude, which is assured
by the use of an amplitude limiter in the circuit. As a result, /195
neither the difference in the radiation fluxes perceived from
the earth's surface nor the difference in amplification factors
for the channels affects the operating precision of the instrument.
The size of the error angle determines the difference in the
durations of the pulses read from opposite receivers. The
detection and subsequent discrimination of the constant component
on RC filters gives .a constant, v.oltage ,proportional
to the duration of the pulses read from the given receiver.

The constant voltage from the output of the filters is fed
to the differential amplifier which generates an error signal.
The amplitude and sign of the signal depend on the position of the
instrument's optical axis (this axis is parallel to the SC axis
being oriented). If the SC axis being oriented coincides with
the direction of the local vertical, the signal on the output of
the differential amplifier equals zero.

The rocking of the mirrors is accomplished on signals from
a master oscillator whose role is fulfilled by the generator of
sound vibrations. It generates a voltage of a specific frequency
equal to the natural frequency of the resonance oscillations of
the scanner, which reduces the power consumption.
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Rectif ier

fier control -amplifier

From other
channels

Fig. 6.20. Functional diagram of a system for
forming control signals over one
channel.

Envisioned in the scheme is the automatic regulation of
amplification. Both the error signals and direct-current vol-
tages from the output of all filters are fed to the AGC [automatic
gain control] unit. On the basis of these data, the optimum
amplitude of the oscillations of the mirrors is determined in a
computer. With a considerable error over one or both channels,
the mirrors oscillate with great amplitude. If error signals are
absent and the constant components- also equal zero, scanning
is conducted with maximum amplitude. With small errors, the /196
amplitude of the oscillations of the mirrors is reduced, as a
result of which the precision of orientation is increased.

6.5. Flectro-Optical .Ins-truments for Course Orientation of the SC

In connection with the expanded range of applied problems
involving.sp-ace vehicles,:the-eon-board-orientation systems
should not only determine the position of the local vertical but
also deviations for yaw, i.e., deviations of the roll axis from
the orbital plane.

Existing methods for vehicle course orientation are

based on the use of gyroscopic instruments which operate in
combination with some resolver of the local vertical. However,
these systems, not being distinguished by high precision and
durability, require rather large expenditures of power.

Furthermore, various astronavigational methods based on
tracking reference heavenly bodies and comparing measured angles
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with programmed ones are employed. Along with the complexity of
realization caused by the necessity to have an on-board computer
and the relative difficulty in the assignment of programmed
values of angles between the axes of the SC and the reference
heavenly bodies, these methods possess a basic shortcoming and,
namely, the selected reference heavenly bodies are not always
directly visible from on board the SC.

A relatively simple method for orienting manned SC is the
method based on the use of an optical attitude control, in whose
focal plane a grid with parallel lines is installed.
The instrument on board the SC is so installed that,with the
correct orientation, the lines of the grid are parallel to the
orbital plane and coincide with the direction of the relative
velocity of the SC. The image of the earth's surface, construc-
ted by the objective of the attitude control in the focal plane,
continuously displaces during flight. The coincidence of the
direction of displacement of the image with the longitudinal
lines of the grid in the focal plane of the attitude control
corresponds to precise orientation (to the coincidence of the
axis of roll with the orbital plane).

Noncoincidence testifies to the disruption of course
orientation which should be restored by turning the SC relative
to the axis directed along the local vertical.

The indicated principle can be used for the course orienta-
tion of unmanned SC. Naturally, in this case the determination
of the coincidence of the direction of displacement of the
image with the reference direction should be accomplished
automatically. The latter problem can be solved with the use
of television-type electro-opticalcsystems with, line scan on
board, the lines of which coincide for direction with the axis of
roll. If the SC is oriented in flight so that its axis of roll /197
lies in the orbital plane and the direction of the lines of scan
coincide with the direction of relative velocity (Fig. 6.21),
the video signals of lines in-the, same posi-tion n ,'adjacent .frames
wi-th. line .scanning) or-~e:the two next .lines ,(:with- line scaingning

will be shifted by an amount proportional to the ratio of the
velocity to the altitude of flight. Noncoincidence of the vector
of relative velocity with the direction of the lines leads to a
change in the video signals in a random manner in accordance
with the random character of the earth's background which lands
in the instrument,'s field of view. In this case, the comparison
of the signals does not provide the opportunity to establish
the constant value of the shift, which testifies to the dis-
ruption of orientation. Achieving the required coincidence of
the video signals by turning the SC for course, its orientation
can be restored.
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A Method of Course' Orientation Based
Direction of on the Use' of Frequency Rasters
flight

This method of determining the
direction of the vector of relative

Svelocity is based on the use of
modulation of a radiant flux which

-of scanning creates an image of the earth's
surface.

Common sector The operating principle of the
Fig. 6.21. Diagram for device which realizes the indicated
the principle of course method consists of the following.
orientation in accordance The composition of the instrument
with the direction of run includes two electro-.optical.sensors.
of the image. Installed in the focal plane of each

of them is a frequency raster in the
form of alternating transparent and

u2 fopaque strips of the same width.
The radiant flux goes from the out-

U," put of the rasters to photoelectric
receivers (Fig. 6.22).

-. The frequency of modulation of /198
the radiation flux can be determined
on the strength of the parameters of
the raster. If the axis of symmetry

h of the frequency rasters coincides
with the vector of relative velocity,
the frequency of modulation of the

S . . radiation flux by both rasters is
identical and equals

Fig. 6.22. Schematic
diagram of an instrument
for course orientation fo- 7 (6.26)
based on the use of
frequency rasters.

where T is the period of displacement
of the image in the plane of the grid.

The period T is connected with the raster parameters and the
velocity of the image by the relation

T=21 (6.27)=v i

where L is the length of the path of the image within limits of
one raster slit; Vim is the velocity of the image.
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The velocity of the image in the focal plane can be deter-
mined from the expression

v SH Re+ ', (6.28)

Re
where VSC is the relative velocity of the SC; Re + H VSC is the

rate of displacement of the sighting beam over the earth's sur-
face; Re is the radius of the earth; H is the altitude of flight
of the SC above the earth's surface; f'ob is the focal length
of the instrument's objective.

If the angle of slope of the raster slits to the axis of
symmetry is a, the length of the image path £ will be

a a=-- , (6.29)
cos (a/2-a) sin a

where a is the width of the slit.

With consideration of (6.27), (6.28), and (6.29), from (6.26)
we obtain

10- =cb e:- sin a.1
S2aH(Re+H) (6.30)

If the longitudinal axis of the SC deviates, from the vector
of relative velocity by the angle Aa, then,due to the change in
the length of the path k, the frequencies in the left and right
channels will differ from f0 and can be determined from the
expressions

fi=-- C-'ob sin (a + a) and2aH (Re+ H)

72=Vibe sin (a- da). ( 6 3 0a )2aH (Re+ H) (6 30a)

Then the difference frequency of the signals of the left and /199
right channels is found from the expression
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Aflf2= ~'eR 2 cosaa. (6.31).
2aH (Re + H)

Accepting that with small values of angles sin a ' A a,
after simple transformations from (6.31) we obtain

fl-hf. V2 ae 2cosaAa.,2aH (Re+ H) . ic] (6.32)

Expression (6.32) shows that the difference frequency of the
signals over two channels is directly proportional to the angle
of deviation of the axis of symmetry of the rasters from the
vector of relative velocity. Naturally, to increase the precision
of orientation, it is desirable that the difference in frequencies
fl - f2 be the greatest. From expression (6.32), it can be seen
that this difference will be maximum with a = 0. As follows
from (6.30),frequencies f0, fl, and f2 will be extremely close
to zero.

On the strength of the condition for assuring simplicity in
processing signals by means of the use of resonance amplifiers,
it is necessary that the frequency of modulation of the signals
over the channels be at least 12-15Hz.

If we accept that the difference frequency should comprise
at least 75-85% of the maximum value, the mean value of cos a
can be taken as equal to

cos a-0.8.

In this case, sin a = 0.6 and, consequently, the radiation
flux will be modulated with frequency f0 , 1.6fmax. Taking
f0 = 15 Hz, we find that fmax = 25 Hz.

We point out that the precision of determination of the
angle of deviation of the SC axis from the orbital plane depends
on the characteristics of the instrument. Thus, for example, if
the focal length of the instrument's objective is f'ob = 250 mm
and the width of the slit a = 0.25 mm, then with H = 300 km
and VSC = 8000 m/sec:

VgRe' 25.5- 10- land fj--f2ob 25.5-cosa-Aa.
H (Re+ H) a
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Taking cos a = 0.8, we obtain

11-f2=25.5 -0.8 -Aa20 Aa.

If the system records a difference in frequencies of 1 Hz,
in this case, under the given conditions,

Aa==-=0.05 or -a -0,052 rad

A shortcoming of the method considered is the fact that the /200
resonant frequencies are extremely small, and their difference
with the disruption of course orientation also proves to be
small, which hinders considerably the instrumental realization
of e.lectro-ept:i.cal.instrumentz- for. coursei. orientation which
pOs.sess. hi.gh sensivity.-

A further development of the idea of using electro-optical
instruments for course orientation of the SC is the use of
correlation methods for forming the control signals.

Course Orientation of .a Vehicle on the Basis:of. the Us:e- of Correla-
tion Methods for Forming Control Signals

Two identical optoelectronic instruments with sufficiently
small field-of-vision angles are installed aboard a vehicle-oriented
with respect to the local vertical and they are immobile with
respect to the body. Each instrument consists of an objective
and infrared radiation receiver.

The optical axes of both instruments are arranged in plane
OxlYl of a system of coordinates connected with the SC and
comprise some angle 6 with the vertical (Fig. 6.23). The elec-
trical voltage U on the output of each photoreceiver is pro-
portional to the energy brightness -.of the -section of-the earth's
surface which lands in the field of view. Therefore, with the
movement of the SC above a heterogeneously radiating surface, the
signals on the photoreceivers will be some random function of
time Ul(t) and U2 (t). If the SC is oriented so that axis Oxl
is directed along the vector of the relative velocity, the field
of view of both instruments will pass sequentially over the very
same terrain sectors and, in accordance with this., the same
realization of a random function will be reproduced on the output
of the receivers, but with a time shift equal to T, which is
determined by the mutual withdrawal of the fields of view and the
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Vf1, cont speed of movement. If we assure the delay
s of signal Ul(t) of the front instrument

by the amount T (for example, recording
w13 e ,) / on a magnetic tape or magnetic drum),

then comparing it with the current
0 signal U2 (t), generated by the second

S/ instrument, and establishing their
identity, we can also fix the oriented
position of the SC.

h Mf

However, it should be kept in mind
that even with the complete coincidence

vrz of the fields of view of the instruments
within the limits of the same background

Fig. 6.23 Course band, we cannot achieve the exact
orientation of a:vehicle coincidence of the signals Ul(t + T) and
based on the use of U2 (t), inasmuch as even if they are
the correlation of obtained from the same sections of the
signals: 1,2. Radia- background, they are examined under
tion receivers; different angles. Furthermore, a.
3, 4, 5. Signal random change in individual emitters
processing unit. during time T is possible. Therefore, it

is more expedient to compare signals
Ul(t + T) and U2 (t) not according to

algebraic difference, but with the use of the correlation co-
efficient KU1U 2 , which statistically determines and compensatessfqr
possible cases of fluctuations of the background during some /201
time segment T. To determine the sign of the angular deviation
of axis Ox1 from the velocity vector, one more channel is intro-
duced into the scheme, arranging the field of view at the apexes
of an isosceles triangle. Calculating the correlation coeffi-
cients KU1 U and KU2U3 between signals Ul(t + T), U2 (t), and
Ul(t + T), 3 (t), one can judge not only the value of the angular
deviation, but also its sign. Actually, if KU1U2 = KU1 U , this
is evidence that the direction of the velocity vector coincides
with the median of the triangle and corresponds to the oriented
position of the SC. If KUJU2 > KUlU3, this signifies that the
SC is turned to the left with respect to the velocity vector,
and if KUlU2 < KUlU 3 , then the SC is turned to the right.

Among other methods for course orientation of a vehicle, we
should include the use of various optical diaphragms which
transform a luminous flux from the moving image of the surface
in such a way that the position of the longitudinal axis of the
SC relative to the direction of flight can be judged from the
appearance and character of the random signal on the photoreceiver.

Simplest is the method based on the use of a slotted dia-
phragm. Its essence is the following. Located on board the
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moving SC which is oriented according
r2 to the local vertical is an eleetro-optical

Sinstrument-whose optical axis-
coincides with the local vertical

to (Fig. 6.24). A slotted diaphragm, /202
Icont  whose length is many times greater than

el its width is installed in the focal
plane of the objective in front of the

. 'radiation receiver. In this case, the
S p field of view of the system on the

surface of the earth will be a greatly
% - elongated rectangle whose length mayi comprise several kilometers or even

S6 tens of kilometers. The oriented
Fig. 6.24. Operating position of the SC is considered to be
principlourse of a correla- the one in which the longitudinal axis

control with a slotted of the slit, rigidly connected with the

diaphragm: 1. correla- body of the SC, is directed along the
tor; 2. processing unit. vector of relative velocity. The

property of the slotted diaphragm is
the fact that with the oriented position
of the SC a random signal on the output

of the photoreceiver is some smoothly changing curve in which the
predominant value is had by low-frequency harmonics. With the
transverse displacement of the slit, the components of harmonics
of higher frequency become part of the random signal. Some
intermediate values of the predominant frequencies will agree
with the intermediate position of the slit relative to the
velocity vector. The simplest physical explanation of this
phenomenon is the following. Signal U(t) obtained from the re-
ceiver of radiation energy is proportional to the total energy
brightness of the e.lementary emitters. which have..lahded.within the
limits of the field of view at a given moment. If this field of
view is displaced along its longitudinal axis, each of the random
emitters is located within its limits for a comparatively long
time, creating some constant component. With the displacement
of the slit-like field of view perpendicular to its longitudinal
axis, the elementary random emitters are located within its
limits only for a short time, which is determined by its small
width. But, with intermediate position of the slit, the time of
the emitters' location within the limits of the field of view
will be determined by the angle of deviation from the velocity
vector.

In the theory of random functions for a quantitative estimate
of the nature of change by a random curve, it is customary to use
its statistical characteristic -- the value of the autocorrela-
tion function RU(T). If we record some time delay T =T 1 , the
value of function RU(T) for the smoothest curve will be the
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greatest. With an increase in the frequency of the signal, which
occurs with a deviation of the slit from the relative velocity
vector, the value of the function RU(Tl) will be reduced. Thus,
turning the SC for course until obtaining the maximum value of
RU(T1) , we can determine the direction of the vector of relative
velocity and orient the SC.

Along with the use of autocorrelation functions for
determining the amount and direction of deviation of the longi-
tudinal axis of the SC from the velocity vector, mutual correla-
tion functions can also be used. In contrast to the preceding,
in this case the instrument should have four fields of view, in
which regard, within the limits of each field of view, the radia- /203
tion lands on an individual receiver. The source of primary
information is provided either by the random distribution of
energy -brightnesos of the -underlying ground_ covers or by the
random distribution of energy brightness of the firmament caused
by the irregularity of arrangement of the stars in the firmament.
The instrument's field of view is formed with the use of a
diaphragm with slotted apertures installed in the focal plane of
the objective. The slotted apertures in the diaphragm
are arranged in two parallel pairs at some angle 8, which lies
within limits of up to 2r radQFig. 6.25).

The instrument is
installed on board the SC
so that the axis of the
objective coincides with
the direction of the SC
axis which is oriented

2in accordance with the
local vertical and the

SI pairs of slits would be
k VC arranged symmetrically

with respect to the axis
S orbit of of roll for angles ±8/2.

' If the starry sky is
-used as the source of

I primary information and
Sthe SC is oriented with

regard to the local
Fig. 6.25. Diagram of an electio-'. vertical, the instrument's
optical ihstrument for course orienta- field of view should be
tion based on the use of the correla- directed at the starry
tion between signals of slit-like sky. The operating
fields of view: 1. objective; 2. dia- principle of the instru-
phragm; 3. receivers. ment consists of the

following.
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During the flight of a vehi le oriented relative-to the-'local
vertical, the image of the starry -sky, wi.ll di.splace in the focal
plane of the instrument. The images of individual stars,
passing through the slits of the diaphragm, will cause random
signals on the output of the photoelectric receivers.

When the l1ongitudinal-.axis of-the SC _(axis of roll) coincides
with the orbital plane, the time intervals during which the images
of the stars pass between the pairs of slits equal each other.
With-the deviation of the longitudinal axis of the SC from the /204
orbital plane, the time intervals of the passage of the images
of the stars between one pair of slits of the diaphragm is re-
duced and is increased between the slits of the other pair.
These time intervals, which characterize the deviation of the
longitudinal axis from the orbital plane, are determined on the
basis of the measurement of the correlation between the random
signals from the outputs of the receivers of radiation energy,
using. ph.otoele.ctric multipliers.

The basic advantage of the described methods of course
orientation of the SC are their complete autonomy and capability
to operate on the illuminated as well as on the dark side of the
earth. The heteogeneity of the radiating object is sufficient
for the stable operation of such course sensors. Under actual
flight conditions, it is always present.

6.6. Orientation Instruments Which Use the Sun as a Reference
Point

.Electro-optical instruments .which..use the sun asca refreference
point can be classified by purpose, precision in determining
the direction to the sun, and scheme of construction.

Two groups are distinguished by purpose:

- Instruments which serve for the determination of the
position of the SC in orbit or one of its structural
axes in space;

- Instruments which assure the matching of one of the SC
axes with the direction to the sun with a given precision.

All instruments are also divided into two groups according
to the size of the zone of space instantaneously scanned:

- Instruments which instantaneously scan space within the
limits of the entire sphere;

- Instruments whose instantaneous fields of view have dif-
ferent sizes and forms and do not span the entire sphere
at once.
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According to precision in determining the direction to the
sun, instruments are divided into coarse, which determine direc-
tion with a precision up to several degrees; exact, with a
precision up to several minutes; and precision, with a precision
up to several fractions of a second.

Any of the enumerated groups of instruments can be con-
structed in accordance with one of the following schemes:

- Instruments of the diaphragm-receiver type;
- Instruments of the optics-receiver type;
- Instruments which measure the amount of radiation flux.

In the simplest case, a solar orientation instrument with
circular scan can be realized with the use of several photo-
sensitive elements which are arranged on the body of the SC in
a specific manner. In this, in a number of cases, the high
intensity of solar radiation permits getting by not only without /205
optical systems, but also without additional electronic amplifiers.

Thus, for example, if solar sensors are arranged on board an
SC in pairs in each side and a shading diaphragm is placed in
front of each pair as shown in Fig. 6.26, then in accordance
with the logic of the formation of control signals, the orienta-
tion of one of the axes of the SC in the direction of the sun
can be assured. Actually, with the identical sensitivity of
opposing receivers, the signal at the output of the circuit changes
in proportion to the difference of the irradiated areas of the
radiation receivers

U=SE [(+IAO)--_O)] cos a =2ESIAOcos a(3,'
(6.33)

where S is the sensitivity of the radiation receivers; d is the
size of the sensitive layer of the receiver; k is the distance
from the shading diaphragm to the surface of the sensitive layer
of the receiver; Ae is the component of the error angle in the
plane being examined; E is the irradiance created by the
the sun on the surface of the sensitive layers of the radiation
receivers.

From this relation, it can be seen that the signal from the
output of a pair of receivers is proportional to the error
angle Ae.

If two pairs of receivers are placed relative to one of the
axes with shading diaphragms in two mutually perpendicular /206
directions, they will assure the formation of control signals in
two mutually perpendicular planes, i.e., along two axes.
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SeO This method of
I orienting on the sun was

- realized on the "Mariner-II"
- - - spacecraft. The roll axis

was matched with the

1 S I direction to the sun. This
d I problem was solved with the

use of two pairs of re-
--- ceivers (principal sensors)

- of which one provided a
- - pitch signal and the other

D c a yaw signal. The field of
view of these two pairs was

Fig. 6.26. Principle of construc- w/4 rad. The remaining
tion of an instrument for orienta- part of the sphere was
tion on the sun with the use of a covered by similar pairs of
shading diaphragm: 1, 2, 3. pairs receivers, the signals from
of diaphragms. which, going to the control

system, caused the rotation
of the SC in the direction

of matching the field of view of the central sensors with the
direction to the sun. After the sun landed within the limits of
this field, control of the angular position of the SC was ac-
complished on signals from the principal sensors right up to the
matching of the roll axis with the direction to the sun.

The solar sensors employed on the "Mariner-II" spacecraft
had the following characteristics:

Sensitivity (angular) 55 rad
Resistance of the sensitive field

of the receiver 4.2-4.4 ka2
-Power consumption 0.058-0.061 W
Field of view rr/4 rad
Length of arms 28-41 cm
Length of sensitive layer of receiver 0.127 ± 0.005 cm
Mass 30 g

In flight, the system for controlling the orientation of the
SC "locked on" the sun for 10 min, as a result of which the axis
of roll proved to be directed at the sun.

The merits of the scheme for the attitude control which has
been considered include simplicity of construction, low power
consumption, and small mass. A shortcoming of the scheme is the
necessity to have a large number of elementary sensors for the
simultaneous scanning of space in a solid angle of 4 sBr, which
reduces the overall dependability of the system as a whole.
Another shortcoming is also caused by the large number of sensors
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in the system and consists of the fact that their arrangement on
board imposes certain restrictions on the design of the SC.

Instruments of the diaphragm-receiver type for orientation
on the sun are somewhat more complex. In these instruments,
the shape and dimensions of the field of view of individual
sensors are determined by the shape and dimensions of the
diaphragms installed in front of the receivers (Fig. 6.27). The

use of several radiation
receivers with their own
diaphragms provides the
opportunity to divide the

Diaphragms entire space into zones and
toon Receiver obtain information on the
troT Uni-t:for - position of the sun in a
syst f Cr matio broad field of scan right up-.

rod com- to a complete sphere.

Field of To assure the least
view time in searching for the

- sun and reduce the number of
Fig. 6.27. Diagram of an instru- sensors to the minimum, the
ment of the diaphragm-receiver field of view of each of them /207
type for orientation on the sun. should be maximum. However,

restrictions are imposed on
the size of the field of view

which are connected with the interference immunity of the instru-
ment. External interferences for solar instruments are the
radiations of the planets and the moon. The solar radiation-.
reflected from these bodies is decisive (since their intrinsic
radiation becomes perceptible for wavelengths of more than
3-5 Pm, .the use of cutoff filters or receivers which are
insensitive in-this region of the spectrum will obviate the
influence of this factor on the operation of the instrument).

The maximum allowable dimensions of the field of view can
be established on the strength of the following considerations.
If we consider that the minimum signal from the sun on the output
of the receiver should exceed the maximum value of the signal
from the background by m times, we can write the initial condi-
tion in the form

s
m > eff min (4.34)

-b
eff max

where m is the signal/background relationship; sff m is the
minimum value of the effective amount of radiation flux from the
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sun which falls on the radiation receiver; Dbff max is the
maximum value of the effective amount of radiation flux caused
by solar radiation reflected from the earth.

Since 0eff receives its minimum value when the sun is
located at the edge of the field of view, the value Osff fm
can be found from the expression

Cs E Ack Cos a Cos (6-35)$ff min = EsArecks 2 2

where E is the irradiance created.b- the sun on a small /208
area of the sensitive layer of the receiver with the normal
incidence of the rays; Arec is the area of the sensitive layer
of the receiver; ks is the utilization factor of the sun's
radiation by the receiver; a and are the angular dimensions of
the field of view.

The signal from the background or, what is the same thing,
the effective value of the radiation flux from the background
on the radiation receiver will be maximum with the complete
filling of the instrument's field of view with the radiating
surface. In this case

eff max = BbArecvkb (6.36)

If the background emitter is the earth's surface illuminated
by the sun then, considering it as a diffuse reflector which
follows Lambert's law and, on the strength of (1.16), we can
write

Espe
Bb - f ,

where Pe is the albedo of the earth's surface for visible solar
radiation.

Also replacing wv by

WV = a,

we write expression (6.36) in the form
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b EpPe EsPe .(637)
eff a- rec.wvkb - Arecakb (637)

Substituting (6.35) and (6.37) in (6.34), we find

o kffmI ksfs cosa/2cos P12 (6.38)

4fffmax eu.e up-

or
1 4,cosua2cosP/2

In a number of cases, for approximate estimates with some
assumptions, it can be considered that ks = kb, then

n cosa/2 cos P/2 or m> -- cos a2 cos,2 (6.39)
m e- ar e WV "

whence the allowable value of the instantaneous field of view
will be

w -"- cos a/2 cos P/2.
(6.40)

Formulas (6.39) and (6.40) permit determining the allowable /209
dimensions of the instantaneous field of view with a given
excess of the useful signal over the signal from the background.
On the basis of relation (6.39), graphs have been constructed
for various values of the angle 8 which characterize the change
in the quantity nPe as-a function of angle-a (Fig.. 6.28)
Thus, if the albedo of the earth's surface is taken as equal to
p 'v 0.3,.the signal/background ratio, as can be seen from
the graphs, can be assured as no less than 10 with 8 = 15.1.74.
.10-2 rad, if a < 150-1.74-10-2 rad; with 8 = 20.1.741.10- 2rad,
if a < 14401.74.11 -2 rad; if 8 = 30-1.74.10 - 2 rad, then
a< 120*1.74.10- 2 rad; and, finally, if 8 = 40-1.74.10- 2 rad,
then a < 85-1.74.10-2 rad.

Depending on the shape and dimensions of the diaphragms and
their mutual arrangement, various problems can be solved with
the use of instruments of this type.
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Thus, for example, if the
diaphragms have the form of slits. [611

y . rand form fields of view in space as is
shown in Fig. 6.29, then by imparting

3 - ' rotation to the SC relative to.the y
axis, we can discover the sun and

G.'" match the x axis with the direction to
it. In this, with the landing of the
sun in the field of view of sensors

~16 3 1l2 2(13 /iE I or II having scanning angles al and
a2, signals are formed in the control

Fig. 6.28. Nature of system which cause the turning of the
change in allowable SC toward the matching of the x axis
fields of view of solar with the direction to the sun.
instruments depending Naturally, the overall field of view
on mP. in plane..xOy should be at least 7.

In order to determine the position
of the sun relative to the SC, an
instrument can be used whose simplified
scheme is presented in Fig. 6.30. The
sun's rays fall on a group of photo-
diodes through the luminous windows

I of a diaphragm. With the rotation of
the SC, depending on the size of the

angle between the axis of rotation and
the direction to the sun, the sun's
rays illuminate the various groups of /210

Fig. 6.29. Instrument photodiodes. Signals arise on the
for solar orientation output of the illuminated photodiodes

on the basis of whose processing the

hof view. angle is determined between the axisof view. of rotation and the direction to the
sun.

In this indicator, the scanning angle within limits of from

+1.38 to -1.38 rad is divided into individual sections of
0.047 rad each. To determine the direction to the sun, six
coding slits are used with the use of which a three-element Gray
code is formed. As a result, a binary signal is created which
characterizes the position of the axis of rotation relative to
the direction to the sun with a precision up to ±1.74.10- 2 rad.
When necessary, the precision of the reading can be increased
to ±0.2.3.5-10-3 rad through interpolation. A sun indicator of
this type is used in a vehicle system described in [61].

To determine the direction to the sun relative to the axis
of rotation of the SC, an instrument can be used which is con-
structed in accordance with a scheme with two intersecting
fields of view which are formed by corresponding slotted
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diaphragms. The dimensions
Da Illuminate of each field of view are

I -llumi-, 1.3*0.0139 rad. A diagram
nated of the arrangement is pre-

sented in Fig. 6.31. In
Sthis, the field of view of

6sho one sensor lies in plane

D, D, D. xOz and of the second is
arranged at an angle y to
the first and with its axis

Objective is matched with the x axis.
window If the SC is given rotation

Fig. 6.30. Simplified diagram of relative to the axis, then

an instrument for determining the from the difference in the

position of the sun with the use moments of the landing of

of coding slits which form the the sun in the fields of

Gray code. view and the appearance of
the output signals of the

two receivers, we can determine the

angle between the direction to the
Z sun and the axis of rotation of the

SC.

/ 'If we designate by 4 the angle
1 between the direction to the sun and

. the axis of rotation of the SC and

.-I by *2 the angle of turn of the SC
from the position in which the output

Field of ' , Y signal of one sensor had maximum
view of Is --

sensor value to the position in which the

output signal of the second sensor

Field of became maximum, then

view of 2 nd
sensor

cot 4 = sin P2 cot y

Fig. 6.31. Diagram of the (6.41)

arrangement of intersec-
ting slit-like fields of
view in an instrument The orientation of the SC is /211

which determines the determined and control commands are

position of the sun. generated on the basis of this
equation.

Such a principle for determining the position of the axis

of rotation of avehicle ewlative to the direction to the sun was used

on the "Syncom" satellite. To increase reliability, two instru-

ments are installed on the "Syncom" SC which determine the posi-

tion of the sun relative to the x axis. Furthermore, three more

such instruments displaced relative to each other by 7 rad [sic] are

placed on board around the axis of rotation. These three
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additional instruments in combination with the primary ones
permit obtaining data on the position of the sun from all four
quadrants.

In order to exclude rotation of the SC, to seek the sun,
and determine its angular position, instruments can be used
which permit scanning the entire sphere at once and issuing
information on the position of the sun relative to the axis of the
SC.

The system of .solar orientation.described inwork-[ll]
consists of tw.o diametrically arranged-instruments with scanning.
angles of 187 1.74"10-2 rad, each scanning-the entire sphere
at once.with:an .overlap of 0.245 rad. A typical-Scheme of one
such instrument is presented in..Fig. 6.32.

The optical axis of the

direction of the x axis of
S z 1 the spacecraft. The axis of

rotation of a semitransparent
mirror coincides with the z

2 axis, and of mirror 4 with
the y axis of the SC.

Cylindrical lenses em-
-5 5 ployed in the instrument

convert the point image of
6 6 the sun which is constructed

by a wide-angle objective
into a line which overlaps

Fig 6.32. Typical diagram of a the entire width of the

wide-field instrument for orien- receiver's sensitive layer.
tation on the sun: 1. wide-

We note that such an
angle objective; 2. step-by- instrument can be realized
step motors(2); 3. semitrans-
parent mirror; 4. mirror with objective and one receiver
hollow reflector; 5. anamor- with a longitudinal photo-
photic cylindrical lenses; electric effect, the signals
6. photovoltaic cells. from which provide information

on the size and direction to
the sun with the instrument axis (Fig. 6.33). The nonlinear
dependence of the value of the input signals on the error angles
(amount of shift of the spot relative to the center of the layer)
causes the need to introduce into the make-up of the orientation
system computers with large storage which permit the unambiguous
determination of the coordinates of the sun in the instrument's
field of view from the magnitude and polarity of the signals
from the output of the receiver.
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The basic shortcomings of the /212
AGC ..: instrument which has been considered
bias 1 are the dependence of the parameters

of the receiver on temperature and
the dependence of the output sig-

Position 6; nal not only on the angle of
luminous 0!3 deviation but also on the power of

Sspot the incident radiation. The latter
a 'dependence is excluded rather

easily with the normalization of
the output signal in accordance
with the value of the voltage or
current which is caused by the
transverse (regular) photoelec-
tric effect. Despite this, in a

Fig. 6.33. Operating prin- number of cases, such instruments
ciple of an instrument for
orientation on the sun with may not satisfy the requirements

made of instruments for solar
the use of a photocell with orientation. Therefore, more
longitudinal photoelectric complex instruments are used witheffect: a, b. coordinatesS ina discrete output which is provided

by binary photovoltaic cells.
Such instruments are free of the

indicated shortcomings and assure the necessary precision.

These cells are made with the engraving of a special
grid on the sensitive layer of the receiver. However, there
may also be another variant.

A sensitive layer is applied to a single backing which is
slit in several places for the entire depth to the backing so
that a number of independent sensitive layers of equal width are
obtained. Then, the entire receiver is covered from above by a
diaphragm with openings which represent a code grid. The
openings in it are arranged in strips above the corresponding
sensitive layers of the receiver. A diagram of a binary
photovoltaic cell is presented in Fig. 6.34.

If there are six sensitive layers and there are openings
in each section which are separated by opaque strips (respec-
tively, 32, 16, 8, 4, 2, and 1), this is equivalent to the
presence of the corresponding number of pairs of strips sensi- /213
tive and nonsensitive to radiation. Consequently, the resolution
of the sensor will equal

N - --- 0.05 rad
2 N - 1 26-1 63
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tem with cylindrical
optical parts provides
distortion of the image on
the edges of the field of
view, the shape of the
openings in the diaphragm
or the engraving of the
receiver are made with

.. consideration of this
S distortion.

Fig. 6.34. Binary photovoltaic
cell. The operating prin-

ciple of the instrument
considered consists of the

following (see Fig. 6.32). When the sun is located at an
arbitrary point of the field of view, its image is constructed
with the use of an objective 1, mirrors 3 and 4, and cylindrical
lenses 5 in the form of focal lines in the planes of disposition
of the sensitive layers of the,.binary photovoltaic.cells.
Inasmuch as at the initial moment, mirrors 3 and 4 comprise
an angle of w/4 rad with the optical axis, the position of the
focal lines in the form of which the sun is depicted on the sen-
sitive layer of the receiver will depend on the position of the
sun in the field of view.

If there is an error only for the z coordinate (sun in plane
xOz), the focal line on the left cell 6 will coincide with
its middle with axis zz and will prove to be shifted along this
axis. In this regard, its removal from the center depends on the
size of the error angle between the x axis and the direction to
the sun. At the same time, the focal line on the right cell -
6, coinciding with axis xx, proves to be shifted along it in such
a way that the center of this line will not coincide with the
axis yy which passes through the middle of the receiver. In
this case, a signal is generated which is fed to the step-by-
step motor of the mirror 4 and it will turn around until the
middle of the focal line coincides with the axis yy.

After this, the output signal from the cell 6
permits determining the position of the sun relative to the
optical axis unambiguously with a precision of up to 3.1.74.10 - 2 rad.

If there is an error in the y coordinate alone (sun in plane /214
xOy), the opposite picture is observed. The focal line is
matched with axis xx of the left cell but its middle is
displaced along this axis from some distance from the axis. The
distance is determined by the error angle. The error signal is
now fed to the step-by-step motor of mirror 3 which turns it
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around until the coincidence of the middle of the line of the
sun's image with axis zz. On the right cell 6, the focal
line, being symmetrically arranged relative to axis yy, proves
to be displaced along it from the center of the receiver for the
distance which is determined by the size of the error angle.
In this case, the signal from cell 6 determines the
amount of error:

With the arbitrary position of the sun in the field of view,
the signals for the turning of mirrors 3 and 4 until the sym-
metrical arrangement of the lines of the sun's image relative
to axes zz and yy, respectively, are fed to both step-by-step
motors and information about the angular coordinates of the sun
relative to the x axis is obtained from the output of the
cells.

When the sun is in a zone overlapped by both instruments,
the selection of the necessary control signals is accomplished
by shifting the signals.

The described instruments possess the following character-
istics:

Focal length 6.5 mm
Field-of-vision angle 187.1.74.10-2 rad
Size of image (along the diameter) 17.6 mm
Relative aperture 1:6.3 or less
Resolution 60-100 lines/mm
Overall dimensions length - 49 mm and

diameter - 73.5 mm

Mirrors 3 and 4 are placed between the objective and the
cylindrical lenses and provide the possibility for displacing
the image by 18.6 mm along axes xx and yy.

Inasmuch as orientation on the sun with a precision of /215
3"1.74.10 - 2 rad may prove insufficient for the solution of some
problems, precise sensors of the sun's position are used in
aggregate with the instrument examined. These sensors (the dia-
gram of one of them is presented in Fig. 6.35) are based and
operate on the same principle and with the use of the same bi-
nary photovoltaic cells as the coarse ones. The only difference
is that to assure the required precision in determining the
sun's position, the field of view of this sensor is 6-1.74.10- 2

rad, the focal length of the objective equals 185 mm, and the
semitransparent mirror is stationary. As a consequence of the
small field of view, no substantial distortions of the'image are
observed. Therefore, cells with straight grids (diaphragms)
may be used.
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Thus, the electro-
S- optical sun seeker

Indicating- which is being examinedaxis includes coarse and pre-
opnig2 V cise sensors. The coarse

op(determines the sensor, catching the sun's
radiation, puts out a

y position ofathe signal from which the
1 4 indicating axis) optical axis of the precise

S , sensor of the discrete
type coincides with the

Fig. 6.35. Diagram of a precise direction to the sun with
position indicator: 1. point of a precision of ±+1.5-
suspension; 2. objective (f - .1.74.10-2 rad. The
18.5 cm; 2W = 6.1.1.74.10-2 rad); position of the precise
3. y sensor; 4. z sensor; 5. semi- sensor is fixed in this
transparent mirror. direction by the indi-

cating axis which lands in
one of the openings' of

the recording collar. This collar is a hemisphere with an inner
radius of 490 mm. Precise determination of the coordinates of
the sun is accomplished with the use of two photovoltaic
cells installed in two focal planes of the objective and
arranged at an angle of 7/2 rad to each other.

The block diagram of the instrument (precise or coarse chan-
nel) is presented in Fig. 6.36. The indicator system generates
positive or negative signals relative to the average position
in binary code. These signals go the electronic ,circuit over /216
12 channels. The information which has arrived is processed in
the logic unit, where control signals are formed which are fed
both to the step-by-step motors (in the coarse instrument) and
to control the orientation of the SC.

The solar attitude control can also be used as a yaw sensor.
However, in this case the velocities and angles of pitch and
roll should be determined by other methods, for example, with the
use of horizon-tracing instruments. In the determination of
the angles of pitch and roll with a precision on the order of
5.1.7410- 2 rad, the $rror in measuring, the angle of yaw should
not exceed 4:1.74*10 - rad. This error can be reduced by in-
creasing the precision of measurement of the angles of pitch and
roll.

In connection with the fact that two instruments are in-
stalled on board the SC which provide an overlap of 14-1.74.10 - 2

rad, in .this zone, the sun is recorded at once by both
sensors, which can be used for the approximate determination of
the angular velocity of the SC during the measurement of the time
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of a half turn of the SC, i.e., the time segment between the
moments when the sun lands in the zone of overlap of the
instruments.

Step-by
step
motor Magnetic

y sensor for z storage
Positive mirror
value of
x of -pre- .  6-channel Logic Computer
cise or 12-channel trigger circuit for dif- To chan-
coarse selective circuit ferential nel df
sensor circuit of with feed- --- amplifier

z sensor positive back (discrim- system for
or nega- Y inator) orienta-
-tive tion along

y sensor signals z the yaw
axis

Negative
value of
x of pre- 6-channel Logic
cise or trigger circuit
coarse circuit
sensor with feed-

2 sensor back
-- Step-by-

step
motor for
y mirror

Fig. 6.36. Block diagram of an instrument to
determine the sun's position.

As an example, let us consider a system for orientation on -
the sun which also consists of coarse and precise instru-
ments (Fig. 6.37). The role of the coarse orientation sensors
is accomplished by four photocells which assure the search of
the sun and its landing in the field of view of the precise
channel. The photocells are placed beneath a screen which covers
them from the sun's rays in the case where the sun is in the
field of view of the precise channel which equals 1.1. 7 4.10

- 2 rad.
A two-mirror objective, photoelectric receivers, and an elec- /217
tronic unit are used in the precise channel.
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Used as radiation receivers
O su, , are silicon photocells which are

sensitive in the spectral band
sensor axis from 0.4 to 1.15 im with maximum

\ sensitivity on a wavelength of
/ \Secondary 0.85 um.S mirror

/etecto Information about the angular
coordinates of the sun relative
to the axis of the sensor is
generated on the signals of
three sector photocells on which

Fig. 6.37. Diagram of an the sun's image is projected
instrument for solar orienta- (Fig. 6.37). In this case, the
tion. error signal for the x coordinate

is obtained with the comparison
of the output signals of photo-

cells A and B, and for the y coordinate, of photocells B and C

Such a scheme for obtaining error signals causes a consider-
able influence of the difference in sensitivity of individual
receivers on the precision of the instrument. To eliminate a
possible change in sensitivity, a calibration system is used in

the instrument which permits
compensating for the mutual change
in the sensitivity of the receivers
in the process of operation with

/ the automatic adjustment of ampli-
2 fication of the signals. In this

S6 case, the signal of one of the
1,74Va 5 photocells is taken as the reference

-3 signal. Calibration is accomplished
Coarse . with the use of a neon bulb which is

scanning
secto fed by a pulsed voltage. The

- flashes of the bulb, which recur
with a specific frequency,

Fig. 6.38. Arrangement uniformly illuminate all receivers
through the semitransparent mirror

of receivers in the chan- and cause the appearance of an al-
nel for precise solar terflating component in the signal
orientation: 1. preampli- on their outputs (in contrast to

ther uni t; 2 .photocells of the constant component caused by
the coarse system; 3. secon the sun's radiation). The alternating
ary mirror; 4. primary signals go to a comparison device
mirror; . phosemitransparenthe which provides the corresponding
mirror; 6. photocells of the adjustment of amplification over
precise system; 7. calibra- the channels. The block diagram
tion bulb. of the precise sensor of a solar /218

orientation system is shown in
Fig. 6.39.
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Pulsed
power
supply
source

Calibra-
tion
bulb aAdjustor

DeteDctor tPreamplifier Comparator of con-
B stant sig- Angular y

nals attitude
Inu

ADetector Preamplifier

C iI Adjustor
of springs

Fig. 6.39. Block diagram of a channel for precise solar
orientation.

S6.7. e ilectre-Optical Instruments for Orient.ing Spacecraft by the

Electro-optical instruments for orienting a vehicle by the
stars together with instruments for orientation by the sun are
intended for the stabilization of the SC in space with a given
position .of its_ axes.

At each point of the flight trajectory of the SC which
corresponds to a completely determined moment in time, the angle
between the direction to the sun and a selected star will have
a previously known Value. If the optical axes of the solar and
star instruments on board the SC are placed at an angle y to
each other which corresponds to the angle between the directions
to the sun and the star at a given moment, then with the ac-
complishment of the orientation, the position of the SC in space
will become known.

In order to accomplish the orientation of the SC in space
with the use of the sun and a star as reference points, it is
first necessary to orient the solar channel on the Sun. Since
the sun is~the most powerful emitter within the limits of the
solar system, its search and orientation on it cause no special
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difficulties. On completion of orientation on the sun, to seek
the star, rotation is imparted to the SC relative to the axis
directed at the sun. In this, the field of view of the star
channel of the sun-star orientation system will describe a
conical surface in space which passes through the selected star.
Thus, during a complete revolution, this star must fall within
the limits of the field of view of the instrument.

Orientation of the SC on the sun and one of the stars pro- /219
vides the possibility of not only knowing the position of the SC
in space, but also assigning it. To give the SC the required
position in space, it is necessary to move the optical axes of
the solar and star channels of the system which records the
sun-SC-earth angle (SUE) on board simultaneously relative to the
body of the SC (relative to all three axes) without changing the
established value of the SUE angle. The movement of the fields
of view of both channels relative to all three axes requires
rather complex kinematics.

Another method is also possible to assure the given position
of the SC in space in which the instruments of the system only
record the SUE angle on board. Upon completion of orientation
on the sun and star, the necessary turns of the SC relative to
all three axes to the required position are accomplished on the
commands of special sensors, for example, gyroscopic, with the
introduction of the appropriate units. A shortcoming of this
method is the impossibility of checking the position of the SC
which it occupied in space after accomplishment of the turns.

However, regardless of the method of giving the SC the
required position in space, the composition of the system should
include an instrument which tracks the star along with the
instrument for orientation on the sun.

Different circuit solutions of instruments for tracking a
star are possible:

- Instruments based on the use of electronic scanning (with
the use of dissectors-and others);

- Instruments with mechanical modulating and scanning devices.

Let us consider a scheme for a star tracker intended for
tracking a star and based on the use of an image dissector.
The scheme for such an instrument should include: an objective,
image dissector with a focusing-defocusing system, dissector
power-supply unit, and an electronic circuit for discriminating
control signals.

The basic element of the star tracker is the dissector
which provides a field of view of the instrument of
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5-1.74"10-2 x 11-1. 74-10 - 2 rad. With this, thanks to electronic
scanning, tracking is attained within the limits of a cone with
an apex angle up to 28-1.74.10-2-30-1.74.10-2 rad in accordance
with the change in the SUE angle.

In the operation of the instrument, its objective constructs
the image of the sky in its focal plane where the end of a fiber-
bunched conductor is located. The image constructed on the fibers
is transmitted to the photocathode of the dissector and causes
the emission of electrons. In this, the flux of electrons is
proportional to the incident radiation flux. The constructed
image is read by an electron beam.

If the star which has been selected as a reference point is /220
not located on the axis of the instrument and its image is not
constructed in the center of the photocathode, a sequence of
pulses arises on the output of the photomultiplier. In this, an
error signal is formed with the comparison of the phases of the
operating and reference voltages. On the basis of these signals,
control commands are generated which put the SC into a turn in
the direction of reduction of the error. Most often, stars are
selected as reference points which possess the greatest visible
point brilliance (Sirius and Canopus).

The amplification stage is so constructed that,with the
landing of the star in the field of view of the instrument, the
rotation of the SC around the longitudinal axis stops and the
lock-on on the star and its subsequent tracking are accomplished.
This principle was realized in the star trackers of the "Mariner-
IV" SC [60]. The search for the star began after localization
of the axis of the solar channel in the direction of the sun with
the forced rotation of the SC around this axis.

Irn electro-eptical instruments for orientation-on .the stars
with the use of modulating and scanning devices of the mechanical
type, the search for a star is also accomplished by rotating the
SC relative to the axis of roll oriented on the sun.

One of the variations of such instruments is intended for
operation on point emitters, which stars are, and does not react
to the radiation of extended sources (earth, moon) during flights
in near-earth space. The instrument generates the necessary
signals only in those cases where the irradiance
created by a star which has fallen in its field of view lies
within the limits of from 0.67 to 1.5 in comparison with the
irradiance from the star Canopus.

With the landing of a star in the field of view of the
instrument, it provides the following types of information:
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- A signal about the presence of the star Canopus (or some
other one) in the field of view;

- A signal which characterizes the angular position of the
star in the plane of rotation and which is the input sig-
nal of the control system which assures the required
orientation of the SC on the star;

- A signal proportional to the radiation flux of the section
of the sky which has landed in the instrument's field of
view.

A functional diagram of the instrument is presented in
Fig. 6.40. The command for tracking a given star is given after
a comparison of its radiation with the sun's radiation.

radiation radiation Star-signal Unit for forming
filter signal from sec-

Optical I tion of the sky
system PM

n Sun-signal
filter

Reference- Power supply, Amplifier for Logic unit for indi-
signal , lunit for PM ' automatic gain cation of Canopus

detector generator 2.2 ms

- m0ms
100 ms

Fig. 6.40. Functional diagram of an instrument for
orientation of an SC on a star.

The radiation of the star, passing through the protective
glass after reflection from the rocking search mirror, is sent
to the lens objective by the scanning mirror. .A modulating
disk is installed in the focal plane of the objective which
assures modulation of the radiation flux from the star with a
frequency of 3.9 kHz. The modulated radiation goes to the photo-
cathode of the photomultiplier.
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The solar radiation is also directed to the photocathode /221
of the PM over its own channel with the aid of a miniature op-
tical system through an attenuating filter and a system of
optical parts. The possible effect of a change in the angle of
incidence of the radiation is eliminated by the use of a diffuser
of milky glass. A special corrective filter is used in the
optical system, thanks to which the spectral composition of the
solar radiation which has entered the instrument is modified and,
at the output, becomes similar to the spectral composition of the
radiation of the star Canopus. The solar radiation. is modulated
similar to the radiation of the star with the aid of a modulating
disk. The radiation which is modulated with a frequency of
2.3 kHz is focused on the photocathode in the same place where
the image of the star is constructed.

Thanks to the different modulation frequencies, the signals
from the star and sun can be separated on the output of the PM
by special electrical filters tuned to the corresponding
modulation frequencies.

The signal from the output of the solar channel is used for
the automatic adjustment of the amplification of the amplifier
which controls the high-voltage power supply unit of the photo-
multiplier and, consequently, its amplification factor. This
circuit maintains the signal in the solar channel at a fully
determined level.

In this case, the output signal of the star channel is
proportional to.the'irradiance:Zratio of the sun. and the
star.

For the formation of the three signals mentioned earlier,
the voltage which corresponds to the star channel, modulated
with a frequency of 3.9 kHz is fed from the output of the PM to
three independent electronic circuits (see Fig. 6.40). Modula-
tion of the radiation is accomplished by a scanning mirror which
rocks with the aid of a cam of a specific shape which assures the /222
linear law of scanning in a large part of the field of view.
The scanning period equals 50 ms; in this, the duration of the
return motion does not exceed 10% of it and comprises 4.4 ms.

When the amplitude of the signal in the star channel is
within limits of the threshold values on the output of the
presence unit, a signal appears which indicates the appearance of
the star in the instrument's field of view.

Simultaneously with this, the signal from the output of the
resonance filter is fed to a phase-sensitive detector to which
the square pulses of the reference voltage also go. Thanks to
the comparison of the operating and reference voltages, a
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direct-current voltage is created on the output of the phase-
sensitive detector which corresponds to the position of the star
in the field of view. In proportion to the movement of the star
from right to left, the output voltage changes from positive to
negative and equals zero when the star is located in the center
of the field of view.

Furthermore, as can be seen from the block diagram, the
signal from the output of the filter is fed to the unit which
forms a voltage propotional to the total radiation flux in the
star channel. This voltage is transmitted over the telemetry
channel to the earth and can be used to organize the search for
the star on commands from earth. In this, the orientation of the
longitudinal axis is accomplished in the direction to the sun
and rotation around this axis is imparted to the SC with a veloc-
ity of 0.5.1.74.10-2 rad/sec. With the landing of some star in
the field of view, information about it is transmitted to earth
to verify whether it is the star Canopus.

Another method of checking consists of recording all stars
which land in the field of view during the time of a complete
revolution of the SC relative to the longitudinal axis. The
chart which is thus obtained is compared with a control chart.

After the conduct of the correction for the check, the SC
is again oriented on the sun and Canopus.

An instrument of this type was used on the "Surveyor" SC
for orientation on the sun and a star in the execution of correc-
tion of the trajectory during the flight to the moon. It had
a field of view of rectangular form with dimensions of
4.1.74.10- 2 rad in the direction of rotation and 5*1.74.10 - 2 rad
in the direction of search (parallel to the direction to the sun).
The design of the instrument permits moving he field of view of
the instrument within limits of ±15*1.74*10- rad. This pro-
vides the opportunity to so tune the instrument that the lock-
on on the star Canopus is assured with triggering during 48
days from the day of the adjustment of the instrument. The mass
of the instrument is 2.0 kg.

The reliability of this instrument is 0.97 for a time inter-
val equal to 66 h.

In flights in near-earth outer space, the use of the sun and
star for orientation is not always convenient. Sometimes, orien- /223
tation of the SC on stars alone is more rational.

For such orientation, a system may be used which consists
of six tracking instruments capable of discovering stars and
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tracking them. They are arranged in-pairs relative to each
axis and directed in the opposite directions.

Each direction finder is a two-stage tracking electro-optical
instrument with a field of view of 1.1.74.10-2 rad. The re-
ceiver of the instrument is fastened to a movable platform which
can rock in two mutually perpendicular planes within limits of
±43*1.74*10- rad. The block diagram of one astrotracker is
presented in Fig. 6.41 and a diagram of its optical system is
shown in Fig. 6.42.

Radiation
of star

tar Signal of presence of star
Optica' Noise detection.
system 'amplifier fcircuit

S Radiation flux Tofi reference
I I from output To drive of

of scanner Resonance Synchronous internal uni-

'I amplifier detector versal joint

Circuit for Zero error
PM Preamplifier Resonance determining >

amplifier zero error signal

SDetector
amplifier detector

external

High- univeral
voltage Resonance Detecto joint
power- Automatic gain amplifier
supply control f2 reference
source signal

.Fig. 6.41. Functional diagram of an
astrotracker.

The primary mirror of parabolic form with a diameter of
87.5 mm with focal length f' = 127 mm directs the radiation of
the star to a reflector of two mirrors which separate the radia-
tion flux in two directions in mutually perpendicular planes.
After reflection from the mirrors of the separating unit, the
radiation flux in each channel is modulated with the aid of
oscillating modulators arranged in the focal planes of the
principal mirror.
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In this, to exclude uncertainty,one of the modulators
oscillates with frequency fl and the second with frequency
5 fl1  The modulated radiation is directed to the photocathode
0 the PM with the use of the optical system.

After preliminary amplification, the electrical signals which
arise are fed to a resonance amplifier tuned to frequencies /224
fl, 2fl, f2 , 2f2 and also to the noise amplifier. The signal
from the output of each amplifier is fed to the detector. The

total signal from the output of all
detectors is fed to the circuit.:for
the formation of the "presence"
signal.

Radiatio
of star In normal operating mode, when

Fair Modu the image of the star is within the

tor limits of the field being scanned, the
Se aratin level of the external noises is not

E 1 great and the circuit for the forma-
Modulator, tion of the "presence" signal puts

/ out a signal for lock-on and
search stops.

As soon as the image of the star
PM I occupies zero position with respect

to the axis of the instrument, error
Primary signals no longer arise on frequencies
mirroc fl and f2, as a result of which the

signal of zero position of the star
Fig. 6.42. Diagram of appears.
the optical system of an
astrotracker. Identification signals on fre-

quencies 2fl and 2f2 are used for the
automatic adjustment of the amplifi-

cation factor of the automatic gain control during control of
the power-supply unit of the PM. This is necessary to maintain
steady tracking.

When- radiation'from'the -moon or from cloud cover' on. the
earth falls,into the- field of view, during. search, the noise 'amplifier
generates a signal which suppresses the presence circuit. As a
result of the false signal, tracking does not arise and search
can continue.

A synchronous detector is used in the circuit to increase
reliability in discriminating operating signals. The reference
voltage is fed to it over the synchronization circuit.

The astrotracker operates in two modes: search and tracking.
Inp.the search mode, when the axis of roll is oriented on the sun
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and the axis of the astrotracker is given the required angle
with respect to the axes of the SC,. search and lock-on on the
star are accomplished. When the astrotrackers simultaneously
give out signals about locking on the star, rotation of the SC
relative to the axis of roll stops and the system changes from
the search mode to the tracking mode. With this, each astro-
tracker accomplished the tracking of its own star.

On obtaining signals from four astrotrackers, the control
system automatically changes from solar orientation to orienta-
tion on stars. The astrotrackerg assure the tracking of a star
with a precision of ±30.4.85.10-0 rad. In this, normal function.
ing is maintained with angles bqtween the directions to the star
and sun of at least 30.1.74*10- , rad.

Orientation of the SC in space can also be accomplished with /225
the use of a star field rather than individual stars. In the
realization of such a method, there is a chart of the correspond-
ing section of the starry sky on board the SC. The search of
the reference direction is accomplished by the system indepen-
dently. In the search process, a comparison of the observable
star field with the chart is performed. Matching of the visible
star field with that prescribed is accomplished with the use of
a comparatively simple e lect-ro-optical .ins-trument,. a di-sk (Fig..
6.43). The mutual arrangement of the openings corresponds
exactly to the prescribed picture of the stars. The diameters
of the individual holes in the standard chart are less than the
width of the pencils which diverge from the image of each star
at the places of their intersection with the plane of the chart.
This provides the opportunity to obtain information about the
slope of the sighting axis of the instrument relative to the
star field.

With the correct orientation of the SC relative to the
star field, the rays from each star pass through the corres-
ponding openings in the standard chart and are collected by a
condenser on the sensitive layer of the radiation..receiver or in
the correlation plane. A photomultiplier with an /226
antimony-cesium photocathode is used as a radiation receiver in
the instrument. A modulating disk with a slotted raster applied
to it is placed directly in front of the photocathode.

With correct orientation, all the beams land in a given zone
of the photocathode and form one luminous spot on it. If a
slope of the axis arises, caused by a change in the spatial
orientation of the SC for roll or pitch, some decorrelation
occurs: the spot is shifted in a direction opposite to the
deflection of the star field from the axis being oriented and is
slightly extended in the direction of the shift. This provides
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an error signal which contains information both about the amount
as well as the direction of slope of the SC relative to the
reference direction.

The turning of the object relative to the reference direc-
tion (naturally, with this the standard chart also turns) causes
an increase in the dimensions of the luminous spot in the plane
of the photocathode of the PM which leads to a reduction of
illumination in the spot. This is caused by the fact that it is
not the central rays which pass through to the photocathode but.
the outer ones which go toward the optical axis at large angles.
A reduction in the illumination and the imprecision of the spot
lead to the appearance of an error signal which characterizes
the value of the deflection angle.

In order to obtain information not only about the amount but
also about the sign of the deflection angle, two identical
groups of holes are made on the standard chart which correspond
to the selected star field and are shifted relative to each
other by some angle a (see Fig. 6.43b). This provides two
separate correlation functions. The difference between the two
outputs characterizes both the amount as well as the direction of
turn of the object relative to the reference direction.

In the process of search, the disk with the standard chart
is turned around the optical axis with the aid of a motor until
the correct orientation relative to the star field is attained,
which is determined from the position of the luminous spot on
the photocathode and the illumination in the spot. For the
operation of the instrument, the preliminary aiming of its sighting
axis at the center of the selected star field with a precision of
10.1. 7 4"10

- 2 rad is necessary.. With flights within the limits of
the solar system, this requirement is easily satisfied since in
this case the SC will move in the plane of the-ecliptic. A
simple instrument for orientation on the sun can be used for the
solution of this problem. With the aid of this instrument, the
axis of suspension of the star instrument is directed at the sun
and is1'kept in this position for some time. With completion of
the orientation of the axis of suspension on the sun, the
instrument for tracking the star field begins to rotate relative
to the oriented axis, accomplishing the scanning of the circular
zone of the sky where the selected star field is situated.

If the time of the start of the orientation is known, i.e., /227
if the orientation of the star field relative to the star point
of space where the SC is located is known, the disk with the
standard chart can be turned ahead of time relativE-to the -optical
axis by the required angle. As a result of this, after the
accomplishment of one or two complete revolutions of the SC
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around the axis oriented on the sun, the optical system for
tracking the star field will prove to be approximately matched
with the center of the star field. Subsequently, the SC is
precisely oriented on the star field.

From star No. 1 Standard star chart

From star No. Condenser slg e1 rogats

bjective of penCorrelation
e plane of plane

1 1''3'1...s~gn a.Data

openings in the dihphrai

Focal

plane .whichA Ecorresporor r the
standaom star No. alof the sec-as
tion oondensr slopest roatiorry sky

Diameter of pent foil- of

star field: a. diagram of the optical

ofrays from a sky; ta ,, in
to the planedard chart of the section of

243

sta iara
cart-

openings in the diaphragm
which correspda5d to the
standard chart-of the sec-
tion of -the ,starry sky

b)-

Fig. 6.43. Schematic diagram of an electro-opti'cal
instrument for orientation of a vehicle
star field: a. diagram of the optical

system; b. disk with two indentical groups

of openings which correspond to the chart
of the starry sky; 1,2,3...,1',2',2'...

openings in the diaphragm which correspond
to the standard chart of the section of

the starry sky.

The correlation method for forming control signals used in

the instrument considerably reduces the probability of inter-

ference on the part of the planets and other nonstellar sources

243



of light. Furthermore, this method assures increased sensitivity
since the radiation of several stars is summed on the
photocathode.
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CHAPTER 7. SPECIAL ELECTRO-OPTICAL-INSTRUMENTS QF SPACE SHIPS /228

7.1. Types and Purpose of Special Electro-bptical. Instruments

Special electro-optical instruments are intended for the
solution of problems which are connected with the basic functions

of a given space ship. Depending on the purpose of the SC, this
type of electro-optical-e.quipment can be divided into several groups:

- Instruments for the detection and measurement of infrared,
visible, or ultraviolet radiation of ground and space ob-

jects;
- Instruments for the meteorological investigation of the

earthts surface and the atmosphere;
- Instruments for the determination of relative linear and

angular coordinates of the SC.

The first group is made up of radiometric and photometric
instruments which have different purposes and schemes in which
regard, at the present time, radiometers have received greater
propagation on unmanned SC. They are used to detect an object
by the contrast of its intrinsic or reflected radiation with the
background and they investigate and measure the characteristics
of this radiation to obtain information about the object or solve
/other scientific and technical problems. Along with special
radiometric equipment, the group of electro-optical instruments
of weatherAES' [Automatic Earth Satellite] is.made up of actinom-

eters, ° reflexometers, photo-television instruments
, ,and so.forth.

Assembled as a set on board the AES, these instruments assuretZhe
measurement-'of the-radiation characteri-sti-cs- of-the earth a-nd the.
atmosphere, the-investigation of. the dynamics of change in the
thermal balance-of the earth,, the movement and development of
cloud cover, and .so'forth.

For a number of SC, one of the most difficult tasks is the

accomplishment of.rendezvous and docking. Along with radio-technical

systems,.these operations can be accomplished withlthe aid of

special electro-optical equipment, for-example, rangefinders and
locators which assure control of the movement of the
barrier until doking... A special group of instruments which
accomplish. the me.asurement of parameters relative to the movement

of the SC is made up of various electro-optical instruments with
lasers which will be examined below.

The variety and specific properties of the problems solved

with the use of special electro-bptical equipment of the. SC does

not permit examining in the space of one chapter, all possible

variations of equipment of this.type which is employed and pro-

jected. Therefore, in a number of cases the presentation of the

material is limited to information on theory and the bases of
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construction which permit. the easy clarification of the operating
principles of the instruments which are already known from other
fields of application.

7.2. Principles of Construction of On-Board Radiometric Equipment

One of the types of electro-optical equipment which is employ-
ed on space carriers consists of instruments for the detection
and recording of the thermal radiation of ground objects. They
are used in meteorology to obtain thermal charts of the cloud
cover and the earth's surface and to determine the thermal radia-
tion and reflection coefficients of sections of the earth's sur-
face. The high degree of resolution obtained with the use of
such instruments permits obtaining images not only of sections
of the landscape but also of individual heat-radiating objects.

Despite the variety of methods of construction and prodedures
for recording the signals which are received, the instruments of
this type are based on the use of one common principle which con-
sists of the fact that because of the difference in the tempera-
ture and emissivity coefficient of two adjacent sections of the
surface of the landscape (an object with a background the radia-
tion receiver installed in the instrument records the correspond-
ind difference in radiation fluxes which are emitted by these
surfaces (objects).

Several principles for the construction of the instrument's
circuit for the detection and recording of the thermal radiation
of objects are known, for example, the electron-optical converter,
evaporograph, the IR radar, and others [16,18,25]. However, for
use on a space vehicle with the automatic recording and proces-
sing of information which is obtained, various types of radio-
metric instruments are employed which are divided into several /229
groups depending on the method of recording the signal, principle
for scanning space, and the circuitry of the basic units.

According to method of recording, instruments of this type
can be divided into two groups: 1) thermographic in which the
information which is received is recorded by a video tape recorder,
oscillograph, or other recording device; 2) thermovisual instru-
ments or televisions in which the construction of the image of
the heat-radiating object is accomplished. In the latter, it is
necessary to use a television channel for the transmission of
information to earth or the delivery of photographs of the picture
which has been obtained.

According to the principle for scanning space, radiometric
instruments are divided into instruments with a constant angle
of coverage (without scanning) and scanning radiometers. Multi-
element (mosaic) radiation receivers are usually used in instru-
ments of the first group to increase the angle of coverage. In
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scanning radiometers, the
scanning of space within lim-

2 "its of a given solid angle is
5 accomplished with the use of

4_ a special scanning system. De-
pending on the design of the

i scanning system radiometric
instruments can be divided in-
to instruments with optical-
mechanical, electronic, or
luminous scanning.

Fig. 7.1. Block diagram of a
radiometer. 1. objective; 2. Photo resistors which
standard emitter; 3. condenser; are sensitive to infrared rays,
4. radiation receiver; 5. am- thermistors, bolometers, and
plifier unit; 6. signal-record- also special semiconductor-
ing units; 7. mirror modulator. type receivers or mosaic tar-

gets of electron tubes of vidi-
con, thermicon, and other systems are used as radiation receivers
in radiometric systems. The characteristics of the receiver deter-
mine the spectral operating range of the instrument, its thresh-
old sensitivity, and a number of other basic parameters.

Figure 7.1 presents the block diagram of a radiometer with
a constant angle of coverage and one radiation receiver. The
radiation flux from the object is collected by the objective 1
and is focused onto the sensitive surface of the receiver 4.
A mirror modulator 7 is installed between the objective and the /230
receiver and rotates around an axis which is placed at an angle
of n/ 4 rad to the optical axis of the objective. With rotation,
the blades of the modulator interrupt the radiation flux which
is falling on the receiver and this permits using circuits on
alternating current in the amplifier units 5 and recording units.
For calibration of the instrument and to determine the absolute
values of the signal being recorded, provision is made for a stan-
dard emitter 2 in the circuit of the radiometer, the radiation
flux from which is sent to the receiver with the use of the modu-
lator during those periods when the modulator interrupts the
radiation flux from the objective.

Figure 7.2 presents the block diagram of a radiometric instru-
ment of the second group - a thermovisual instrument with an op-
tical-mechanical scanning system. The radiation flux from the
object falls on a rotating prism 4 which is fastened in a univer-
sal joint 3. The flux which has been reflected from the faces of
the prism is collected by the objective 7 and is focused on the
radiation receiver 6. Scanning by frame is provided by the rock-
ing of the prism 4 around the optical axis of the objective through
the angle af with the use of the drive 1. Scanning by line is
assured by the rotation of the prism from the drive 13. Pulses
which characterize the processes of scanning by frame and line
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are transmitted by pulsed
c-----o ensors 2 and 5 to units 8

nd 9 which control the scan-
SC i8 . ing system of the cathode-

ray tube 11 on whose screen
ithe image (heat chart) of the

JJT iobject is created. The angle
\6 " of coverage for frame Wf is

2 'determined by the turning
limits of the prism 4 and the
size of the line R - by the
instantaneous field-of-vision
angle of the instrument W1 =
dr , where dr is the diameter

fi of the receiver and ft
is the focal length of the

Fig. 7.2. Block diagram of a objective. In some schemes, /231
thermovisual instrument with an a multi-element radiation
optical-mechanical scanning sys- receiver is used instead of

tem: 1. scanning drive by frame; a single element receiver
2. pulse sensor by frame; 3. and this permits simplifying
universal joints; 4. rotating the scanning mechanism. Thus,
mirror prism; 5. sensor of scan- in the instrument of the

ning pulses by.line; 6. radia- "Eastman-Kodak" Company (USA)
tion receiver; 7. mirror objec- a "Ruler" of 50 receivers is

tive; 8. unit for the control used which assures the scan-

of frame scan; 9. unit for the ning by.line. Scanning by
control of line scan; 10. unit frame is accomplished through
for amplification of signals a mechanical system in the
from radiation receiver; 11. form of a rod which oscillates
cathode-ray tube; 12. image of at a frequency of 4-5Hz.;
heat-radiating objects of the Each receiver has its own

screen of the tube; 13. drive amplification channel with
for scaby line; aa. direction the output to the indicator
of movement of the carrier. [16,18].

An example of a television with an electronic scanning sys-

tem is the instrument of the "Westinghouse" Company (USA) with a

phothermionic tube [18] whose schematic is shown in Fig. 7.3.
The radiation flux 1 from the object after the objective 3 is
focused on the target 7 of the phothermionic electron tube 6

which is sensitive to the incident radiation. At the same time,
the line-frame scanning with the luminous spot is created from

the tube 14 which creates the luminous spot on its screen and

which is controlled by the sweep generator 13 with the use of an

optical system consisting of. objective 16 and mirror 4. With

this, the photoemission current from the target will be modulated

by the thermal image created by the objective 2,3 on its surface.

The output signal of the.electron tube 6 controls.the beam of

the kinescope 11 on whose screen the visible image 12 of the

heat-radiating object is also created.
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A similar scheme can /232
be. constructed with the use
of a "thermicon" tube having
a target.of.., mosaic elements
which are sensitive to infra-

S5 6 e 9s red rays. Scanning and com-
mutation are accomplished in

...- the normal manner with the
use of an electron beam which

bypasses the target just as

15 in transmitting television
tubes of the vidicon type.
Systems with electron scan-

4 i ning provide the opportunity
r , o obtain high scanning rates

13. o A nd better resolution.

The construction of the
, image of a heat-radiating

object can also be accomp-
plished with the use of a

Fig. 7.3. Block diagram of an luminous scanning system.
instrument with a cathode-ray In this case, an electron
scanning system: 1. radiation tube is placed after the
from the object; 2. secondary objective with a semiconduc-
mirror of the objective; 3. prin- tor target and luminescent
ciple mirror of the objective; screen on which the luminous
4. flat mirror; 5. filter; image is created. The scan-
6. phothermionic electron ning of the image is accom-
tube; 7. semiconductor target plished by the luminous scan
of the tube; 8. photomultiplier; which has first passed thrcagh '

9. voltage divider and preampli- an optical "shutter," the
fier; 10. amplifier unit; 11. absorption or transmission
kinescope; 12. image of heat- of which is modulated by the
radiating object; 13. sweep gen- infrared radiation from the
erator; 14. cathode-ray tube object.
with travelling luminous spot;
15. luminous ray; 16. objective. The threshold sensitivity

and other parameters of the
scheme of radiometric instru-

ments are calculated by methods which are common to electro-optical
equipment (see below). For a simple radiometer, the monochro-
.mat'c threshold ir-radiance which is equivalent tbothe noise equals
[18i25]>

Eit=
io qI "o(7.1)

The value of the signal/noise ratio for a point source is

m .q, (7.2)
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and for an extended source

ps i A- q, (7.3)

where Winst is the instantaneous field-of-vision angle;

Af - transmission banned, Hz;
D*a - detecting capabilities of the receiver;

q - relative aperature;
Dp - diameter of the entrance pupil;
Ta - transmission coefficient of the atmosphere along the

a route;

12 and
B2 - luminous. intensity and.. luminance respectively.

Coefficient ' - k where the value ki considers the er-
ror in the dimension and form of the receiver and entrance pupil,
use coefficient, noise characteristic of the receiver, and so
forth. For a thermovisual system with electron scanning the /233
threshold luminance..of the object, equivalent to the noise,
i. e., perceived at.the limit of .sensivityi is,

BDp -,k-" =Si (7.4)

where C is the capacity of the system's information channel.

For a system with mechanical scanning

ABA= m1w -ov
L r qnT (7.5)

where T is the time for scanning a frame within limits of the
angle of coverage;. n - the number of elements in the receiver
(channels of the system).

Knowing the value of the threshold luminance of the
object, we can calculate the extreme minimum differences in the ,

temperatures of the object and the background which are recorded
by the instrum.ent. Thus, for example, defining the inertia of
the instrument by the condition for the build.up of the signal

==l--e'-t, where t is 'the duration of the pulse which depends
on the dimensions of the object, field-of-vision angle, and
scanning rate and T - the time constant of the receivera.mpli-
fier system, we can determine the difference in the radiation
densities which have been discovered.
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AR= 4m1ete An (7.6)
I A Dpinst

where AR= .s i.e., expressed in effective quantities
0

e - the radiation flux of the equivalent power of noise
(for a receiver with an area of 1 cm2 with a transmission band
of 1 HZ).

From the theory of thermal radiation it is known that for
gray emitters

AR=4zT' AT,, (7.7)

where e is the coefficient of emissive power;

=5,67 10-2 (c.K4) - Boltzmann's constant

=0,82 Ss)a()().)__ - the coefficient which considers the

. S kJ degree of use by a receiver of the
different radiation of two emitters.

The expressions which have been presented permit the deter-
mination of the relation for the extreme minimum difference in
the temperatures of the object and the background (of two adja-
cent objects) detected by the thermovisual instrument /234

21,6 100ome e
ATrnn= (7.8)T3D:Wlnst qe

The value , is the criterion of quality in the
selection of a radiation receiver. For bolometers

Q-81 1.107 cMHz-i , and for photoresistor of the PbTe type

Q=2.7-105c.z-':K, 1. The procedure for calculating the para-

meters of thermovisual instruments is presented in greater de-
tail in [25].

251



7.3. Instruments for the Measurement of Thermal Characteristics
of the Earth's Surface and the Atmosphere

The launching of weather AES expands considerably the pos-
sibilities of the weather services in the preparation of short-
range and long-range weather forecasts on a gl6bal scale.

Among the large quantity of information which is received
from an AES and used for the preparation of forecasts, an impor-
tant place is occupied by information about.the thermal condi-
tion of the earth's surface and the atmosphere which is provided
by on-board electro-optical-equipment. For instance, on a.number of
weather satellites of the United States, an entire complex of
electro-optical equipment..has been.used which includes a five-channel
radiometer with a small field of view, a two-channel radiometer
with a wide field of view, a set of television equipment, and
an infrared horizon sensor [34].

The five-channel narrow-field radiometer is an electro-optical
instrument consisting of five independent radiometers with opti-
cal modulation of the perceived signal and intended for the
measurement of radiation of the earth and the upper layrs of
the atmosphere in five spectral bands. Each of the channels has
two fields of viewi5-.174.10-21 ad_ 5) , in which regard in the ori-
ented direction of the axes of the AES one of the fields of view
of the instrument is directed toward the earth and the other,
toward space. The radiation which arrives from the earth is
continuously compared with the radiation from space which is
equated to absolute zero. This permits measuring the absolute
values of the amounts of the earth's radiation regardless of the
temperature of the satellite. A diagram of one of the channels
of a five-channel radiometer is presented in Fig. 7.4 [34]. The
earth's radiation 2 arrives at the radiometer on one of the faces
of the prism 1 while radiation from space 3 arrives on another
face of this same prism. After reflection from the prism,'the
radiation from earth and space fall on a rotating modulating
disk 4. The radiation which comes from the earth is reflected
from the mirror half of the disk and falls on the upper half
of. the lens while the radiation which comes from outer space /235
is'reflected by the black half of the disk and falls on the
lower half of the lens. Thus, when the disk rotates,reflected
radiation from each direction arrives alternately at the receiver.
The entire modulating disk, including its darkened portion, is
always in the field of view of the receiver. Consequently, the
intrinsic radiation of the disk is not modulated and therefore
information about it does not pass through the alternatingl.current
amplifier. The modulated signal is proportional to the difference
in the radiation fluxes which arrive from the earth and from
outer space. The variable voltage which arises in a thermistor
bolometer is proportional to the differences in the radiation.
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fluxes which are absorbed by the small receiver area with two
different positions of the disk modulator: the position depicted

in Fig. 4.7 and diametrically opposite.

All five channels of the radiometer are almost identical.
The only difference is that they operate. in different spectral
bands and each one provides strictly determined information.
The discrimination of different spectral regions is attained

by the combination of the transmission factors of the materials

of the lenses and optical filters.

S\4o

55

I . 00 D2 0.5 1.0 S 10 20 A pm

Fig. 7 .4. Block diagram of one Fig. 7.5. Curves of the
of the channels of a five-chan- transparency of optical ele-

nel radiometer: 1. reflecting ments of the five channels
prism; 2. signal which arises of a radiometer.
from the earth; 3. signal which
arises from space; 4. modulat- Channel 1 is tuned [331
ing disk; 5. optical filter; to a band of 5.7-6.9 pm, (Fig.
6. objective; 7. radiation re- 7.5) and is intended for

ceiver; 8. preamplifier; 9. tape measuring the radiation in

recorder; 10. transmitter. the band of absorption by
water vapor. Channel 2 passes

the radiation in the "window of transparency" of the atmosphere
(8-12 pm) and is intended for measurement of the radiation of the

earth and the upper layer of the atmosphere, and channel 3 (0.2-

5.0 Pm) for the measurement of solan radiation reflected from

the earth. Channels 4 (aX= 0.6-0.8 pm) - 5 (AX=7.5-30 pm)meas-

ure respectively the solar radiation reflected from the earth and

the total radiation of the earth and the atmosphere.

With the movement of the AESgin its orbit, the optical sys-

tems of almost all channels of the radiometer scan the same re- /236
gion on the earth's surface with a size of about 50 x 50 km.

The two-channel radiometer is an instrument consisting of

two radiometers and intended for determining the balance between

the solar radiation reflected from the earth's surface and the

earth's intrinsic radiation. Figure 7.6 presents a diagram of

a radiometer and the spectral characteristics of the channels.

The main parts of the instrument are two thermistor receivers
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1 and 2, one painted black and the other white and situated
in the apexes of two comes. The optical axes of the cones are
directed toward the earth parallel to the satellite's axis of
rotation. Serving as the optical condenser.is an aluminized
cone made from a plastic film with an aperture angle of 50 1.74-
.10-2 rad (500) which also determines the field of view of
the radiometer. The black and white coatings of the receivers
perform the role of sensitive elements which overlap the spectral
band of 0.2-50 nm. One of them (with black coating) absorbs the
shortwave solar radiation and the earth's intrinsic radiation
but absorbs the earth's longwave radiation just as the first one.
When the radiometers face the night side of the earth, their
readings are identical since practically all the earth's intrin-
sic radiation lies in thelong-wave region of the spectrum (more
than 3 rm). If the radiometers face the illuminated side of
the earth, the white receiver, as formerly, absorbs only the
earth's radiation while the '-black one still reacts to the re-
flected solar radiation. The earth's albedo and then the temp-
erature of the underlying surface of the "earth-atmosphere"
system are determined from the difference in the readings of
the white and black receivers.

The sensor of the earth's
, _ nfrared horizon serves for

rq.0 the determination of the orien-
Swhite tation of the satellite's

I U 'axis of rotation relative to
U4 ! -the local vertical. The

a ck ,operating principle and de-
, , o,1Zo0,41 2 'i-4". .2'40o4m sign of the sensor are exam-

ined in Chapter 6. Here, we
will only note that inasmuch

Fig. 7.6. Diagram of a two-chan- as the instrument scans the
nel wide-angle radiometer and its earth with a small field 2of /237
spectral characteristics: 1,2. view (2.26"10-2.2.26.10-
thermistor receivers with black rad) the information obta.ined
and white coatings respectively; is also used to determine
3. point thermistor; 4. cone; the thermal condition of the
5. compensation for ohmic com- sections being scanned.
ponents; 6. housing.

It is known [341 that
when the earth's infrared horizon enters the instrument's field
of view, the horizon sensor forms a positive signal and, on
leaving - a negative signal. These signals also serve for deter-
mining the orientation of theAES . The information read from
the sensor between the indicated pulses, when the field of view
of the instrument passes over the earth, is used to determine the
thermal condition of the sections of the surface being scanned.

Similar electro-optical equipment is also used on Soviet
weather AES' of the "Meteor" system: actinometric, television,
and others.
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Actinometric equipment
is a set of electro-optical

S m - nstruments which absorb radi-
ation with a body which is
4lose in its properties to_ _ E or (c) an ideal black body and which

8pe- enu) convert it to thermal energy.
Hj o U-- aan ounorNu - _ Actinometric equipment is

mp we eo cn" mod- intended for measuring the
2 po . values of the intrinsic radi-

1- Pal I "(b) ation of the earth's surface
and the upper layer of the

J'll L . clouds in the spectral band

of 8-12 n and the intensity

Fig. 7.7. Block diagram of of the total radiation of

actinometric equipment: 1. nar- the earth and the upper layers

row-field scanning instrument; of the clouds in the band

2. wide-field instrument; 3. of 3-30 Pm.
on-board programmer; 4. unit
of temperature sensors; 5. pow- A typical block diagram

er-supply unit; 6. transmitter. of actinometric equipment
is presented in Fig. 7.7.

Key: a. electronic unit; The equipment consists of a

b. storage; narrow-field scanning and
c. BEV (common time unit). wide-field radiometers, elec-

tronic unit, and auxiliary

equipment. Coverage of the earth's surface from on board the

SC is accomplished with the use of a narrow-field scanning radio-

meter which operates in the spectral bands of 0.3-3 pm, and 3-30 /238

u~ with the movement of the scanning element in a direction per-

pendicular to the movement of the SC.

With its fields of view, the wide-field instrument encompas-

ses the entire earth and provides information about the radia-

tion of the "earth-atmosphere" system in spectral bands of 0.3-2 um

and 3-30-um.

All the information of the actinometric equipment is tied

to on-board common time by feeding special signals to the

storage (S). from the common time unit.

The electronic unit of the equipment is intended for the

conversion and processing of information arriving at it and the

output of formed signals to the storage which, during the period

of the passage of the SC above the territory. of the USSR, gives

the information to the telemetry channel for transmission to

earth.

The unit of temperature sensors is intended for the forma-

tion of electrical signals in the temperature mode of the narrow-

field and wide-field instruments and their output to the S.
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Besides this equipment, on board the AES there is a set
Qf electro-optical instruments intended f.or observation of the
cloudiness on the shady side of the earth [ 3 3 , 3 4]. In its
operating principle, this.equipment differs in no way from the
previously considered (see Fig. 7.2) infrared scanning equipment.
However, the specific tasks which they accomplish on board the
AES presume some differences in its design formulation and sup-
plementary units. A typical block diagram of on-board infrared
equipment for obtaining an infrared. image of cloudiness on the
shady side of the earth is presented in Fig. 7.8.

The receiver of the
equipment accomplishes scan-
ning perpendicular to the
direction of flight of the

2 4 AES. With this, a scanning
strip 1100 km wide is scanned.

The thermal radiation /239
of the underlying surface of
the "earth-atmosphere" sys-

Fig. 7.8. Block diagram of tem is converted to electrical
infrared equipment: 1. electro- signals by the receiver which
optical. scanning equipment; are proportional to the value

2. amplifier-converter unit; of the radiation flux. These

3. storage; 4. transmitter; signals are then processed

5. unit of temperature sensors; in the amplifier-converter
6.. on-board common time unit; unit and fed to the S. At

7. on-board programmer. a specific moment in time,
the collected information

is transmitted from the S to ground equipment where it is con-
verted..to a visible image.

The photos of the cloud formations obtained with the use
of infrared equipment are less.detailed than television photos
but are sufficiently detailed for the analysis of large atmos-
pheric formations (cyclones, typhoons, and so forth).

7.4. Instruments for Controlling the Approach of Space Ships

Electro-optical systems for controlling the approach can
be divided into two basic groups:

- I.nstruments for the control of the approach of cooperating
space ships or instruments of the docking systems;

- Instruments for controlling the approach of noncooperating
SC.

In order to execute the approach of SC, it is necessary to
bring them out into a zone where the on-board means will prove
to be capable of executing mutual search and detection with the
subsequent formation of the necessary control commands.
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For the solution of tasks for.the approach, the instruments

of the dockifmg system should assure:

- The search and detection of. the target SC;

- The guidance of the maneuvering SC to the target SC;

- The determination of the parameters of the relative move-

ment of the approaching SC (range, angular coordinates,

and their derivatives).

Depending on the methods for search and detection, the fol-

lowing electro-optical systems for controlling the approach of

the SC are distinguished:

- Passive systems, where the target SC is detected from its

intrinsic or reflected solar radiation;
- Active with a passive response when the complex of instru-

ments on the maneuvering SC includes an active emitter whose radi-

ation, after reflection from the target SC, again falls on the

maneuvering SC and is used to generate the necessary information.

With this, special corner reflectors may be installed on the

target SC which increase the effective area of reflection and

permit a considerable increase in the operating range of the

system;
- Active with active response when on board the target SC,

along with a system for tracking the maneuvering SC, an emitter

is used which directs the radiation toward it.

In both types of active systems, both monochromatic emitters/2-40
for example lasers, as well as sources which radiate in a broad

band of the spectrum may be used.

In one of the variants of the system for controlling the

approach of the SC during docking [66] it was assumed that the

electro-optical locator of the "Martin" Corporation would be used

(Fig. 7.9). This locator permits obtaining information about

the range, relative velocity, angular coordinates, and rate

of their change with distances between ships of from 50 km to

7 meters. Used as an emitter in the transmitter of the locator

is a Xenon flash lamp installed in the focal plane of a parabolic

mirror with a diameter of 18 cm which forms a directional radi-

ation beam. In this case, a unit of corner reflectors iS- in-

stalled on board the target SC. The pulsed light signal of

the transmitter which is reflected by this unit is received 
on

the maneuvering SC by the mirror optical system of the receiver.

The focused luminous flux is divided into three parts. Each

part is directed to its own radiation receiver for which 
photo-

multipliers are used here.

If the components of the luminous flux which fall on the

photocathodes of the. PM are not equal, an error signal arises
which is used to match the axes of the receiver and r ansmitter
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of the locator with the direction to the unit of corner reflec-
tors of the target SC.. With the precise matching.Of the loca-
tor's line of sight with the direction to the target SC, no
error signal arises.

A range of from 50 km to 30 meters is determined by this
locator by a method on the basis of measurement of the time of
propagation of the radiation to the target SC and return. A
distance of less than 30 meters is determined from the ampli-
tude of the reflected signal since it is difficult to accomplish
the precise measurement of time segments of less than 0.2 1s.
The relative velocity is determined with the differentiation of
data on range.

The locator is installed on rotatable supports which pro-
vide the opportunity to move the transmitter and receiver
over two coordinates within limits of +15J1.74.10- 2 rad (+150),
assuring the scanning of space in a zone of +15*1.74.10-7 rad
(+15') for elevation angle and azimuth. Scanning is accomp-
lished by the line-frame scanning method. In this, the shift-
ing of the instantaneous field of view through the angle of
elevation to scan the next line is accomplished discretely, at
the end of each scanning cycle for azimuth. The lock-on on the
target occurs when it falls in the field of view of the receiver.

A shortcoming of this type of electro-optical locator is the
comparatively short operating range due to the low density of
the radiation flux in the beam of the transmitter and the in-
fluence of the background, the radiation flux from which may
reach significant values and greatly reduce the correlation
between the signal and the noise.

To a considerable degree, these shortcomings can be
eliminated with the use of a laser as the emitter.

Electro-optical instruments for controlling the approach -
of noncoordinating SC are also constructed with the use of
lasers. This group of optoelectronic instruments is considered
below.
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CHAPTER 8. EiECTRO-OPTICAL LOCATORS WITH LASERS /242

8.1. Block Diagram of an Electro-Gptical Locator .with a Laser

The basis of optical location, just as the basis of radar,
is formed by three principles. The first principle is the
reflection of electromagnetic waves. The target and surrounding
background reflect the electromagnetic waves which have fallen
on them differently, as a result of which a contrast arises
between them which permits discriminating the target signal. The
smaller the wavelength, the greater the reflectivity; therefore,
in desiring to obtain a large reflected signal, we should use
short-wave generators. Since the optical band of waves is
four orders of magnitude shorter than centimeter radio waves,
there is the possibility of constructing locators with a greater
operating range and better resolution.

Forming the basis of the principle of location is the use
of the straight-line propagation of electromagnetic waves. If
we direct a narrow beam of waves toward a target, the wave
reflected by the target and received by the locator permits
determining the direction to the target. The precision of
determination of the direction to the target depends on the
width of the beam. The narrower it is, the more precisely is
the direction to the target determined. To narrow a beam in
radar location, an antenna is used whose directivity factor is
determined by the expression

G 4nA iG=- I (8.1)

where G is the front-to-rear ratio; A is the area of the antenna.

In order to increase the directivity of the antenna with a
given wavelength X, it is necessary to increase its diameter.
Thus, for example, to obtain the angular opening of a beam on
the order of one degree with the use of radio- waves of the
centimeter band, it is necessary to have an antenna diameter of
about 10 m. On the strength of Eq. (8.1), we can increase the
directivity of the radiation of the locator considerably, using
shorter wavelengths. Calculations show that if the area of the /243
antenna (input lens of the objective) A = 10 cm 2 , then using
a generato with X = 1 pm, one can obtain the directivity of the
locator 10 times higher than with the use of a generator with
X = 1000 pm. Consequently, the use of waves of the optical band
in location opens the possibility df constructing high-precision
locators and, what is especially important for on-board equipment,
with small-overall dimensions of the transponders.
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The basis of the third principle of location is formed by
the use of the constancy of the rate of propagation of electro-
magnetic waves which permits constructing various range measurers.
For example, if the radar operates on pulses, then to determine
the range the following relationship is used

2' (8.2)

where c is the rate of propagation of electromagnetic waves;
At is the time interval between the sending of the pulse and the
reception of reflected signal.

From (8.2), it follows that for the construction of a loca-
tor with good range resolution, the pulses of the radiating
waves should be as short as possible, since (with the necessary
width of transmission band of the receiver) the precision in
determining range depends on the duration of the pulse. It is
known that with radiation in the optical band, the time for
the passage of the excited particles from the upper to the lower /244
energy level is about 10-9 sec; therefore, the use of a laser as
a radiation source opens the potential opportunity to construct
locators with high-range resolution

The following block diagram (Fig. 8.1) forms the basis of
the electro-optical locator. The locator consists of trans-
mitting, receiving, and display units and a power-supply unit.
The transmitting unit is intended for the conversion of electrical
energy to a monochromatic, narrow-band radiation flux and the
accomplishment of the scanning of a given sector of space with
this flux to irradiate targets. The transmitting unit consists
of the laser, internal and external modulators, transmitting
optical system, and scanner. The laser receives energy from
the excitation source and generates electromagnetic oscillations
of the optical band in a pulsed manner or continuously. The
Q-modulator assures the generation of oscillations in such a way
as to obtain a duration of pulse on the order of 10-9 sec in
the case where the locator operates in the pulsed mode. The
second modulator is intended for the amplitude modulation of
the radiation on the output of the laser. The transmitting
optical system forms the angular distribution of the radiation
into the required distribution, assuring the necessary direc-
tional diagram.

The receiving unit is intended for the reception of the
radiation reflected by the target and the background, the
separation of the useful signal and noise, the conversion of the
optical radiation to an electrical signal, and the discrimination,
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from this signal of information on range, velocity, and angular
coordinates of the target. This unit consists of an optical
receiving system, optical interference filter, radiation receiver,
and units for the measurement of range, velocity, and angular
coordinates.

I Q-modulatr Laser Modulator - Optical Scanner - 1Mo I s y s t e m  F" r

Excita- N
tion

Ssource _j

- • Radiation Optical Receiving
receiver filter optical

system

Range measure- Velocity Unit for measuring i ay
ment unit measurementl angular coordi-

262unit nates I RangeReceiver unit

H Azimuth

Angle of
elevatio

Power-supply unit Velocity

Fig. 8.1. Block diagram of an optoelectronic locator.

The display is intended for observing the results of
the measurements if they are used by the operator to control the

262



SC or else this information goes to a computer and then to the
control system.

The power-supply unit assures the conversion of direct cur-
rent from the storage and solar batteries to direct and alterna-
ting current of the required voltage.

Depending on which parameters of the target are measured by
the on-board locator, the following are distinguished: range-
finders (which determine only the distance between the SC's),
Doppler locators (which measure the relative velocity of the
SC's), and the locators themselves (which measure the angular
coordinates and the distance between the SC's). The basic
characteristics of the optical locator are the zone of action,
time of scan, precision in determining the coordinates, resolution,
noise immunity, and dependability. By zone of action, we mean
the region of space within whose limits the operation of the on-
board locator is accomplished. Its limits are determined by the
maximum and minimum ranges of operation of the locator and the /245
limits of the scanning angle. The extension of the zone and its
angular dimensions are determined by the purpose of the on-
board locator. Thus, for example, a rangefinder which determines
the distance between the SC and the moon should have a consider-
able operating range and angular coordinates of the zone of action
which approach zero. At the same time, the on-board locator for
vehicle docking in orbit should have an operating range on
the order of hundreds of kilometers, but the angular dimensions
of the zone of action should be such as to assure the discovery
of the second SC.

The scanning time is considered to be the time during which
the optical beam accomplishes a one-time scan of a given region
of space.

The selection of the scanning time is determined by the
mobility of the target. The higher the velocity and maneuver-
ability of the target, the smaller should the assigned scanning
time be. Frequently, the scanning time is determined by the
probability characteristic of not missing the target.

The coordinates being determined depend on the requirements
made of the on-board locator. If it is necessary to determine
the distance to the moon, it is sufficient to know but one
coordinate. For docking in orbit, the locator should assure the
measurement of four coordinates: two angular, range, and velocity.

The precision of determining coordinates is characterized
by the values of systematic and random errors which arise in
measurement. Systematic errors can be, determined by calculations
or experimentally and, consequently, can be considered. Random
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errors are caused by reasons which do not submit to calcula-
tions; therefore, each individual measurement has a random
character. The average results of a large number of measurements
remain practically constant and they can be estimated.

The required precision in the measurement of coordinates is
caused by the purpose of the optical locator and should be
especially high with on-board locators which assure the auto-
matic docking of .vehicles in orbit.

By resolution,,we mean the possibility for the distinct
determination of coordinates of closely situated targets. Cor-
responding to each coordinate is its own resolution. Range
resolution is characterized numerically by the minimum distance
between two targets arranged in a radial direction in which it
is possible to determine the ranges to them distinctly. The
resolution for angular coordinates is characterized by the
minimum difference in the angles at which the distinct determi-
nation of the positions of these targets in space is possible.
The resolution for velocity is characterized by the minimum dif-
ference of the radial velocities of two targets with the identi-
cal angular coordinates in which the distinct observation and /246
position fixing of these targets is possible.

It is customary to characterize the noise immunity of an
on-board locator by the degree of its efficiency with the
presence of natural (sun, moon, stars) and artificial noise.
Solar illumination is most dangerous to the operation of optical
locators; however, high monochromatic quality of the radiation
sources of the laser permits, using interference filters, cutting
off the wide-band solar radiation and increasing considerably the
signal/noise ratio. The dependability of the on-board locator
is its property of preserving its characteristics within
established limits under conditions of operation in space.

The characteristics of an on-board locator are the wave-
length of the emitted electromagnetic energy, the amount of
energy, radiation power, scanning method, methods for determining
coordinates, directivity of the locator, threshold and spectral
sensitivity of the receiver, overall dimensions and mass of the
locator, power consumption, and type of recorder. The parameters
add values of these characteristics are so selected as to
satisfy completely the general requirements made of an on-board
optical locator. In the process of operation, an on-board
locator accomplishes the search for the target in a given sector
and, having detected it, it continuously tracks it, in the
process of which the measurement of angular coordinates and the
distance to the target is accomplished. The task of determining
the distance between the locator and the target is reduced to
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the measurement of the change in the corresponding parameter,
for example, the time interval between the transmitted (sounding)
and reflected pulses or the differences in the phases or fre-
quencies of these signals.

In accordance with this, lasers are divided into three
groups:

- With the pulsed method of measuring range;
- With the phase method of measuring range;
- With the use of the Doppler effect.

8.2. Electro-Optical Locators. Which Measure Range by the Pulsed
Method

The block diagram of the rangefinder part of an optical
locator in which the pulsed method of measuring range is used is
presented in Fig. 8.2. The radiation from the source of excita-
tion which is arranged around the active material converts the
material to an excited state. However, generation does not occur
because the Q-modulator which is located between the active
material and the reflecting prism is in a blocked state (its
transparency equals zero). The Q of an open resonator' also /247
equals zero and there are no conditions for the generation of
stimulated radiation. Conditions are created for generation
only at the moment that the Q-modulator is turned on, and this
is done by a jump in a short time interval. All the energy
accumulated in the active material is de-excited in a very short
time interval, which comprises only 10-8-10-9 sec. The radiation
of the generator is focused with the aid of the transmitting
optical system and directed toward the target. A portion of the
radiation is diverted to the PM intended for the formation of the

1 The Q of an open resonator, i.e., the degree of its tuning,
which depends on the parallelism of the mirrors and the trans-
parency of the medium between the mirrors is determined by
the relationship

Q2 n 2dL 1/2

where n is the index of refraction; d is the diameter of the
mirrors; L is the distance between the mirrors; B is the angle
of nonparallelism of the mirrors.
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reference signal. The
Q--modulator Flat signal goes to the unitmirror, - - -

Laser for measuring the time
SI lag and puts the genera-

tor of pedestal pulses
Excita- Sen4-ye- into operation. The
tion-' 'Re er'--ceiving optical
source ence. -system radiation reflected by

PM the target is perceived

M sial I by the receiving optical
oa- 1!9 system and directed to

the signal PM, which con-
verts the optical radia-

n e nitor tion to an electrical
nica- psu- .A. pli signal which passes throughtor in t-e fier.

an amplifier to the unit
for measurement of the

Fig. :8.2. Block diagram of the time lag. This signal
rangefinder portion of a locator stops the operation of
with the use of the pulsed method the pedestal . pulse
of measuring range. generator.

The measured time interval is compared with the number of
reference oscillations of the generator of the main range-
marker frequency. In this case, the range is determined
as the time difference between the transmission and reception of /248
signals, and its value can be digitally displayed on
the range indicator.~ With the use of a cathode-ray
tube as a recording device, a sawtooth voltage is fed to it
which creates a linear or circular scan to determine the time
interval between the reference signal and the signal reflected
by the target. From relationship (8.2), it follows that an
error in measuring distance will be determined by the equation

L cAt
AL= Ac 2 (8.3)

An analysis of the last expression shows that an error in
measuring distance depends on the error Ac in determining the
rate of propagation of optical emissions in the environment in
which the locator is operating and the instrumental error of the
locator which depends on the stability of the frequency of the
reference oscillations and the time resolution of the locator,
i.e., the degree of its technical perfection is determined. If
we assume that the instrumental error equals zero, then

L AL Ac
AL-A, p

c L C (8.4)
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Numerous measurements of the rate of propagation provided
the results which are presented in Table 8.1.

TABLE 8.1.

Velocity of Probable
Author of measure- Year light error

ments - km/sec km/sec

Rosa-Dorsey 1906 299710 10
Michelson 1926 299796 15
Anderson 1940 299776 6
Bergstrand 1949 299793 -

Kartashev 1952 299788 5
Velichko 1958 299792.7 0.3
Rank 1964 299792.8 0,4
Karolyus - 1967 299792.5 0.15

At the present time, taken as the most probable value of
the velocity of light in a vacuum is c = 299792.5±0.4 km/sec.

For precise operation of the rangefinder portion of the
locator, it is necessary to synchronize the start of the opera-
tion of the sweep generator with the pedestal pulse. The
precision of operation of the optical locator will depend on
the precision of synchronization, the amount of delay of the
signal in the rangefinder circuit, on the scale, and on the
readout method. Rangefinder error due to imprecision of syn-
chronization occurs in the case where ranges are judged from
the distance between the signal of the pulse reflected by the
target and the start of scanning. The amount of this error
equals

cAI,
2 (8.5)

where Atc is the synchronization error which equals the time
interval between the start of the sounding pulse and the start
of the scanning.
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To exclude this error, the sweep generator is often started,
not by a laser emission, but somewhat earlier. Then, two clear
pulses may be obtained on the screen of the tubes, one pedestal,
caused by the start of generation of the laser, and the other
by the signal reflected by the target. To start the sweep
generator in this case, a pulse triggered by the laser is used.
The rangefinder error caused by the delay in the rangefinder /249
circuit equals

AL 2 y (8.6)

where Atd is the delay error of the signal in the rangefinder
circuit.

To estimate the influence of this error, it is important
to know not only its value, but also its constancy in the process
of operation of the rangefinder. Rangefinder errors caused by
scale imprecision can be found in the following manner. The
distance by which the spot on the screen of the tube will be
displaced is determined by two parameters: scale (M) and range
to the target. The scanning scale, in turn, is determined by
the relationship

2V
M= , (8.7)

where Vs is the scanning rate. But k = MD, where t is the seg-
ment on which the spot will be displaced on a screen with
diameter D. Then

Lm=-L- (8.8)
M

where AM is the scale error.

The precision and constancy of the scanning rate are
determined by the parameters of the sweep generator. In con-
nection with the fact that it is rather difficult to assure the
high stability of these parameters, it is necessary to have the
possibility in the instrument to adjust the scale and accomplish
its check with the aid of a special calibrator. R'e'adout errors
are determined by the method of reading the distance, scale
value, and steepness of the leading edge of the sounding and
reflected pulses. The steepness of the leading edge of the pulse /250
reflected by the target is determined by the steepness of the
sounding pulse and by the degree of the distortions which arise
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in the reflection of the pulse from the target, with the passage
of the radiation flux in the environment, and in the end-re-
ceiving optical system and amplifier channels. The distortions
of the leading front of the sounding and reflected pulses in
the medium are neglected as a result of their insignificance.
Distortions introduced by the process of reflection of the flux
from the target should be considered in the case where the
linear dimensions of the object in the direction of irradiation
are commensurate with the wavelength.

8.3. Electro-optical Locators Which Measure Range by the Phase
Method

The:~operating principle of a phase optical rangefinder,
whose simplified block diagram is presented in Fig. 8.3, is
reduced to the following. The radiation of the laser is modu-
lated by the generator of the range-marker frequency, in which
regard the voltage on the modulator and, consequently, the
output emission is modulated in accordance with the law

U = U,sin (<oqf (8)9)

where wM is the range-marker frequency; 401 is the initial phase.

Reflected from the target, the radiation falls on the
send-receiving device of the optical rangefinder which converts
it to an electrical signal

S,= U,11,sin t<,(t-L,)+$O- r- 1 (8.10)

where ref is the angle of phase shift of the range-marker
oscillation which arises with reflection from the object; r
is the phase delay of the range-marker oscillation in the cir-
cuits of the optical rangefinder.

Voltages U, and U2 go to the input of the phasemeter which, /251
in accordance with the phase difference, puts out a signal
which is proportional to the distance to the target

(8.11)

where
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Id MtL +?r ref

The operating precision of the rangefinder is determined by

1) The precision of the range-marker frequency

2AL= -- (8.12)

where wM is the error in the range-marker frequency.

Then,
AL o AM

L '~ (8.13)

i.e., the relative rangefinder error equals the relative range-
marker frequency error;

2) The precision of measurement of the phase difference.
We can write that

M (8.14)

where Ad is the error in measuring the phase difference; Ar
is the phase delay error in the rangefinder circuits; A ref is
the phase shift error in reflection.

The component Apd is determined by the technical parameters
of the phasemeter. Component Ar depends on the stability of
the phase characteristic of the rangefinder, and component Aref
on how precisely the reflecting properties of the target are
considered. In the measurement of the distance to a moving
target, one more error is introduced whose source is the Doppler
frequency. Investigations show that the second and third
components in the expression are values of the second order of
smallness in comparison with the first; therefore, in preliminary
calculations, they can be ignored. From the expression being
analyzed, one more conclusion can be drawn to the effect that
the rangefinder error is decreased with an increase in the
range-marker frequency. It can be noted that the change to
longer wavelengths provides a gain in raising the precision of
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the measurements. But this also has its negative aspect. As a
matter of fact, the unambiguity in the measurement of the phase
difference is possible only within the limits of an angle of
2x rad; otherwise, an ambiguous range reading arises. In order /252
to avoid an ambiguous reading, it is necessary to satisfy the
the condition.

S -n'in (Lmax- Lmin) <2T (8.15)

With Lmin = 0, this condition takes the form

C Lm. < 2q.' (8.16)

This expression provides the opportunity to determine the
maximum value of the range-marker frequency.

'M- " (8.17)

Thus, to increase the precision of the measurements, it is
necessary to increase the range-marker frequency, and to satisfy
the condition of unambiguity of measurement, it must be reduced.
The way out of this situation is usually as follows: two, and
sometimes three, range-marker frequencies are used. The first
serves for coarse determination of the range, the second for a
more precise determination, and the third for an even more
precise measurement of range. In order to assure unambiguity
in the determination of range, the period of the following range-
marker frequency should be deliberately larger than the possible
errors which arise in the determination of the time lag from the
coarse scale.

A diagram of a phase rangefinder is presented in Fig. 8.4.

The source of radiation is a semiconductor laser. Its
radiation is modulated by a master oscillator. The radiation
reflected from the target is received by the optical system and
focused on a photomultiplier.

'A feature of this device is the fact that the processes
of phase detection and the heterodyning of the signals occur
directly in the near-cathode space of the photomultiplier. A
portion of the voltage from the.master oscillator is fed to a
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mixer. Fed to the mixer simultaneously is a voltage which is
destabilized by a quartz-crystal oscillator. A voltage at an
intermediate frequency of 100 kHz is formed at the output of the
mixer which is fed through a phase shifter and phase commutator
to special electrodes of the photomultiplier. A voltage from the
heterodyne is fed to the other ele:ctrbde. As a result, the
photocurrent which is induced in the photomultiplier by the
radiation received from the target modulated with the frequency
of the master oscillator will again be modulated a second time
by the high-frequency electrical field at the photocathode
which is created by the heterodyne.

Modulator ....- Transmitting
Laser ------ optics

-s a toro

ser to5 - Receiving
generntor._.
modulator rn PMa M.ixer- .se PM

tator-
n tI jSpecial elec

Ps A idatee--in itrodes of PM

Hetero Synchronoa
Rng , dvne etector
indicator

!yelocity
nd ncatoricar o

indicatbdr

Fig. 8.3. Block diagram Fig. 8.4. Block diagram of the range-
of an on-board locator finder portion of a locator with the
for linkup. use of the phase method for measur-

ing range.

An alternating component of the photocurrent appears with / /253
the difference frequency of the master oscillator and heterodyne,
i.e., with a frequency of 100 kHz. The phase of this alternating
component will depend on the distance being measured since
heterodyning does not change the phase of the oscillations
which participate in the bias. The alternating component of the
photocurrent obtained in this way interacts with the electrical
field which is created by the voltage fed to the corresponding
electrode from the mixer through the phase shifter and phase
commutator.

With this, phase detection occurs, i.e., the photocurrent
will depend on the difference in phases between the reference
and reflected signals. The phase shifter permits changing the
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phase of the reference signal smoothly, which provides the pos-
sibility of measuring distance with high precision.

For a more precise determination of the mismatch of the phases,
the phase of the reference signal is modulated by the phase
modulator (phase commutator) which changes the phase of the
reference voltage by 2w rad with a frequency of l~kHz. With this,
a component of the current appears in the photomultiplier with
a frequency of IkHz with amplitude which depends on the dif-
ference in phases between the reference and reflected signals.
Its value has sharply expressed maximums with a difference in
the phases between the reference and reflected signals of 7 and
3r rad, which increases the precision of comparison of the phases.
For a further increase in precision and greater noise immunity
of the system, the signal from-the load of the photomultiplier
is fed to a synchronous detector and is then recorded by the
null indicator. In this, three modulation frequencies of 30,
29.9, and 27 MHz are used for the solution of unambiguity. This
permits obtaining a resolution of 1500, 50, and 5 m.

8.4. Electro-opticalLocators with the Use of the Doppler Effect /254

Locators of this type are intended for the measurement of
the relative velocity of SC's.

In accordance with the Doppler effect, if the target
approaches the locator the frequency increases and vice versa.

The change in frequency is determined by the relationship

2Vv
A -- (8.18)

where V is the relative tangential velocity of the target's move-
ment; c is the velocity of light; v is the frequency of electro-
magnetic oscillations.

This relation shows that a change in the frequency with
the movement of the object is determined by the velocity of
movement of the objects and is directly proportional to it. But
this effect also depends on the frequency of the electromagnetic
oscillations of the radiation used. The greater the frequency,
the clearer the effect is manifested. Radio waves of the
centimeter band have frequencies on the order of 1015 Hz. There-
fore, with the use of optical Doppler locators, we can measure
extremely low velocities of movement.
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A diagram of a Doppler locator is presented in Fig. 8.5.
The radiation of a gas laser is directed to a semitransparent

mirror which splits the beam in two.
One is directed toward the target,
and the second at a fixed mirror
installed on the locator. Reflected

Fixed., from it, the beam falls on the
mirror radiation receiver -- the PM.. This

beam provides the pedestal frequency.
Gas laser paentans- With the movement of the target, a

mirror change occurs in the frequency of the
first beam which, being reflected

Tarj from the semitransparent mirror,
V .also lands on the radiation receiver.

Thus, two beams having different
PM frequencies are combined on the

receiver. This leads to the
Fig. 8.5. Diagram of a arising of two beat frequencies as
Doppler rangefinder with a result of the addition. The
semiconductor laser. frequency of the beats is proportional

to the velocity of movement of the
target.

I se -- Fig. 8.6. presents a block
aser -~a -e diagram [12] of a coherent locator.

The laser, operating in continuous
'. requency mode, generates a signal on the

converter optical frequency v0 which goes to
the pulse laser amplifier and the
latter, in turn, generates a pulsed
optical signal on the carrier

riveV '  frequency v0 . The frequencies of the
oscillations which are reflected

Zfrom the target are shifted relative
a Converte to the frequency vd being transmitted

by the Doppler frequency. The
carrier frequency of the reflected

Fig. 8.6. Diagram of signal equals v0 + vd. Radiation
coherent locator. from the laser is also fed to the

frequency converter to which, in
addition to this, a signal with
frequency vx (compensating) goes.

After frequency conversion, a signal with frequency v0 + vx goes /255
to the summing device. This signal is summed with the signal
reflected from the target, and the resulting signal goes to a
photoreceiver for which a photomultiplier is usually used. As
a result of the difference in the two signals, the signal Vd-Vx
is read from the output of the PM which carried information about
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the relative velocity of movement of the target. With the use
of such a system, on the SC the maximum value of measured
relative velocity can attain a value of 18 km/s,ec, which corres-
ponds to the relative velocity for two low-altitude satellites
which are moving in opposite directions.

The Doppler frequency shift on a wave of 0.69 pm attains
5101U Hz in this case. With the closing of one of the satel-
lites with the other, the relative velocities may be very in-
significant, on the order of 0.1 m/sec. In this case, the
Doppler frequencies attain values of 3-105-5-1010 Hz. Even the
most low-inertia PM cannot record the upper frequencies, since
the oaximum values of the frequencies which the PM's pass are

3 *10 Hz.

8 .5. Electro-Optical Equipment for D cking.with a Laser j

The use of a laser as an emitter in the on-board electro-
optical equipment of.an SC.permitted the effective solutionOf a
number of complex technical problems in controlling the closing
of the spacecraft. One of the most promising trends in this
field is the creation of electro-optical locators to assure the
docking of the SC's. Let us examine the electro-optical equip-
ment of a docking system of cooperating SC based on the employ-
ment of semiconductor lasers. Since the SC's are cooperating,
the logic of the operation of the equipment envisages its em- /256
placement on both ships. In this, it is envisioned that the
electro-optical equipment will ass.ure the mutual-orientation of
both ships which are docking, and the equipment of the
maneuvering SC will put out information for controlling the
closing.

A block diagram of the equipment is presented in Fig. 8.7
[66]. Installed on board the maneuvering SC is a locator which
assures tracking of the target SC, the measurement of the range
to it, and the relative closing velocity. The width of beam
of the locator's transmitter is 0.5-1.7*10- 2 rad (0.50).

Installed on board the target SC is a unit of corner re-
flectors and a system for angle tracking which assures tracking
the maneuvering SC from the radiation of its transmitter. The
unit of corner reflectors consists of seven prisms with hexagonal
faces which reflect beams in the opposite direction. The distance
between the parallel sides of the hexagon of the input face of
one of the prisms equals 6 cm, and of the entire unit, 18 cm.
The precision in manufacturing the prisms is such that the angle
between the incident and reflected beams does not exceed
9.6.10-6 rad. The angle of divergence of the beams reflected by
the unit of corner reflectors is approximately 1.7.10-5 rad.
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Fig. 8.7. Block diagram of eleitro-optical :equip-
ment for vehicle docking which uses
semiconductor lasers.

For the most dependable and rapid orientation of the SC's
relative to each other, additionally installed on board the
target SC is a beacon which operates in the pulsed mode.
The beacon's radiation is propagated within the limits of a cone
with an apex angle of 10.1.74.10-2 rad (100).

The beacon is a laser diode array with uncooled elements of
gallium arsenide (Ga-As) which radiates on a wavelength of
A = 0.9 1m. The maximum value of the radiation flux released by /257
the beacon is 1 kW. The width of the spectral band of radiation
of the entire array is increased to approximately 20 ?. Since
each diode emits in an angle of approximately 20.1.74.10-2 rad
(200), the corresponding objective is used to obtain the
required angular dimension of the beam. Inasmuch as the field-
of-vision angle of the angle tracking system of the maneuvering
SC equals 10"1.74.10-2 rad (100), prior to the start of docking
the SC's should be oriented in a direction with each other with
a precision ofat least ±101.74.10-2 rad.

The principle of operation of this system consists of the
following. If, at the initial moment, the radiation from the
transmitter of he maneuvering SC which is propagated in an angle
of 0.5*1.74"10 - rad (0.50) does not fall on the target SC, then
to match the beam with the direction to the target SC, a beacon
is used. It emits 1000 double pulses per second, each with a
duration of 100 ns. The leading edges of the two pulses
in a pair are divided by a time interval equal to 1 ps (Fig. 8.8).
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The use of double radiation
pulses. of a synchronous detec-

too' tor permits improving consider-

- ably the discrimination of the
ms useful signals. With such a

. frequency and duty factor, the

Fig. 8.8. View of double radiation power (with a power
pulses of radiation of locator's in the pulse of 1 kW) is 200

transmitter. MW and the power consumed by
the array equals approximately
5 W.

The pulsed signals of the beacon which reach the receiver
of the locator are used in the tracking system of the maneuvering
SC for its turn along two axes until the matching of the narrow
beam with the direction to the target SC.

As soon as the radiation of the transmitter of the maneuver-
ing SC falls on the target, a part of it returns with the aid of
the unit of corner reflectors and goes to the receiver of the
maneuvering SC. The radiation from the locator's transmitter
falls in the receiver of the angle tracking system of the target
SC and is used to control the angular position so that the unit
of corner reflectors is always directed toward the maneuvering SC.

With the installation of a sufficient number of corner
reflectors on the target SC, the angle-tracking system need not
be used. But at short distances which occur .in the docking
process, its employment is necessary to exclude possible errors /258
created by the additional corner reflectors.

In essence, the angle-tracking system is an electro-optical
tracking device with electronic scanning whose circuit is intended
for operation from a pulsed source. The sensitive element in
this' system is served by a photomultiplier with a dissector with
a silver-oxygen-cesium photocathode. A narrow-band interference
filter is used to reduce the influence of background illuminations
in the optical system. The field of view of the receiver of the
angle tracking system, equal to 10.1.74.10-2 rad (100), is formed
with the use of an objective with a focal length of f' = 90 mm
and relative aperture q = 1:0.95.

Included as part of the equipment installed on board the
maneuvering SC is an angle tracking system and a system for
measuring the parameters of relative motion.

The same diode array as on the beacon of the target SC is
used as the emitter of the locator on the maneuvering SC. It
operates in the same pulsed mode as the beacon, assuring radiation
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with a power of 300 W in a pulse, with the propagation of the
radiation flux in the pencil with a vertex angle of 0.5-1.74.10-2
rad (0.50). Despite the lesser power, the radiation force in
comparison with the beacon is greater by two orders of magnitude.

The angle tracking system is similar to the system of the
target SC and serves for the initial detection of the beacon and
for tracking it with the subsequent change to tracking the target
SC from the radiatian reflected by the unit of corner reflectors.
In the receiver of the angle tracking system of the maneuvering
SC, an optical system is used which assures a field of view of
10-1.74.10-2 rad (100) in detection, and in tracking 0.75.1.74.
.10-2 rad (0.750).

A block diagram of an angle tracking system during operation
in detection and tracking modes is presented in Fig. 8.9 (a, b).

it AGC r Signal for
si nals sw tching

i ~e-t modes
circu

a X

/ 1

a. detection mode; b. tracking mode.

The optical system of the receiver consists of an obective
with a focal length of 90 mm and a relative aperture o 1:0.95
and a projection system with a Cassegrain mirrorf an objectiveing
a focal length of 640 mm and a relative aperture of 1:36. In-

stalled in the focal plane of this objective is a photomultiplier
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with a dissector, type F-4004, the signals from whose output are
used both in the angle tracking system and in the range measuring
unit.

The size of the scanning diaphragm of the dissector is such
that electrons from the section of the photocathode with an area
less than 0.001 mm 2 fall in the multiplier at each moment in
time. In this, the instantaneous field of view proves to be
equal to several w/64,800 rad (seconds of arc). The use of a
deflecting system in the dissector permits "looking through"
various sections of the photocathode with the scanning diaphragm, /259
which is equivalent to scanning a given (10-degree) scanning
zone with the instantaneous field of view. At the same time,
the presence of a dissector along with the detection of the
target SC provides the opportunity to determine error angles and
accomplish tracking within the limits of the scanning zone.

The small value of the instantaneous field of view reduces
considerably the influence of the background illuminations and
furthers an increase in the precision of the angle tracking and
the determination of the coordinates of the target SC.

The zone of coverage is scanned by the instantaneous field
of view by the line-frame scanning method with the discrete change
from one element of sweep to another (Fig. 8.9a). In order to
exclude the possibility of an omission, the scanning of adjacent
sections is accomplished with sufficient overlap. The stepped
displacement of the instantaneous field of view is regulated by
the feeding of pulses from the master oscillator and is selected
so that at least one pair of pulses of radiation flux emitted
by the locator's transmitter or the beacon manages to arrive at
the receiver from one section of space. A video signal from
the output of the dissector goes to the preamplifier and then
is amplified by a three-stage amplifier with automatic adjust- /260
ment of amplification.

To increase the noise immunity of the system and for the
more effective discrimination of the useful signals, a synchronous
detector is included in the circuit which uses information about
the width and synchronization of the arriving pulses. If a pair
of pulses with amplitude no less than the given threshold value
and with the same time interval between them as is given by the
master oscillator arrives at the circuit which gives out the
signal of the presence of the target, a "presence" signal appears
at the output of the circuit. The appearance of the signal
causes a change from the detection mode to angle tracking.

Transverse scanning is conducted in this mode within the
limits of a small frame (see Fig. 8.9b) whose size comprises about
3% of the linear dimension of the entire scanning zone. In this
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regard, the small frame may be in any section of the scanning
zone depending on the location of the target at the moment of its
detection. As the target displaces within the limits of the
scanning zone, the frame will also displace in such a way that the
target remains in the center all the time. In this mode, sig-
nals from the output of the synchronous detector, along with
information from the control circuit, are fed.to.the unit for
the formation of error signals. Then these signals, in the
form of direct-current voltages proportional to the deviation
of the target image from the center of the frame, are again fed
to the circuit for the control of transverse scanning, assuring
the matching of the center of the frame with the direction to
the target.

Furthermore, signals are generated in the circuit in the
form of direct-current voltages which characterize the angular
position of the small frame within the limits of the scanning
zone (X and Y angles) and the angular velocities of the displace-
ment of the target in the scanning zone (X and Y velocities).
These voltages, proportional to the measurable values, passing
through a converter, go to the computer of the system for con-
trolling the movement of the maneuvering SC in the form of
output signals of the angle tracking system.

With the start of the angle tracking of the target SC byl
the locator, the long-range system is turned on, the block
diagram of which is presented in Fig. 8.10. It assures the
measurement of range with resolution on the order of 10 m and of
the closing velocity with distances between the SC's of up to
120 km. The pulsed method of measuring range and closing
velocity is realized in the circuit of this system.

From the output of the master oscillator, the signals go to
a synchronous counter which performs the role of divider and to
the strobe-pulse generator. The pulses of the synchronous counter
are fed to the generator of double pulses. This generator
generates pairs of pulses with a duration of 10 ns each and
divided by 16 single pulses of the master oscillator, which
corresponds to a time interval between the leading edge of
approximately 1 vs. -The.,double pulses,.recurring.w.i-th --a -frequency
of 1 kHzj.,are .fed.'to two parallel.laser excitation ci-rcuits with
silicon-controlled reetifiers.. (SCR) which ,are.triggered sequen- /261
tially by the first .and se.cond.pulses.

The current which flows through the diodes of the array
depends on..the amount of voltage on the discharge capacitors of
the excitation circuit, which is regulated by the voltage of the
AGC controlled from the locator's receiver. The radiation pulses
reflected from the target SC are received on the maneuvering SC
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and go through an amplifier to the synchronous detector. The
input signal of this detector is a pulse which characterizes the
time of arrival of the leading edge of the first of the double
pulses.

The time to the target SC is determined by the measured
time interval between.the emission and the received pulse with
the use of a pulse counter. The counter is started by an emitted
pulse and is stopped with the arrival of the reflected pulse.
The interval is filled with pulses from the master oscillator
which are also fed to the counter. Since the frequency of the
master oscillator is 14.990 MHz, one period, with consideration
of the double course of the beam, corresponds to 10 m. From
the.output of the pulse counter the information goes to a
smoothing counter, where data on the range are averaged from the
results of every 100 measurements.

Simultaneously with this, information about range is fed to
a computer for determining the closing velocity which, on the
basis of a comparison of the last and preceding readings,
generates data about the amount and sign of the velocity.

As closing occurs, when the distance between the SC's is
reduced to a value which assures dependable discrimination of
the useful signals in the short-range unit, the long-range
system is cut off. A block diagram of a short-range system is
presented in Fig. 8.11. It assures the continuous measurement
of range and closing velocity with distances between the SC
from approximately 3 km to docking, with range: resolution of 0.1 m
and resolution for velocity of 0.01 m/sec.

A diode of incoherent radiation of gallium arsenide is used /262
as the radiation source here. It emits within the limits of a
cone with an apex angle of 2.5.1.74"10- 2 rad (2.50), which is
coaxial with the beam of a pulsed laser. The power of emission
of the diode equals , 40 MW with an excitation current of 2 A.
The radiating junction of the diode is in optical contact with
a hemispheric lens, which reduces losses to reflection. For
forming the pencil, a fast objective is used with focal length
f' = 50 mm and relative aperture q = 1:1.

After reflection from the targetSC, the radiation of the
diode is sent with the aid of a light-dividing device to a ten-
stage photomultiplier with a silver-oxygen-cesium photocathode.

As a result of the heterodyning, a signal is obtained on
the output of the main mixer with a frequency of 4.747 kHz and
having the same phase characteristics as the signal received on
a frequency of 3.747 MHz. Such a method of heterodyning permits
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obtaining high-range resolution. The connections between the
units and their interaction are shown in the block diagram. We
will only point out that the contour filter is tuned to a fre-
quency of 3.747 MHZ and serves for the conversion of the sine
form of the signal to a square shape.

The rate of closing is determined on the basis of a compari-
son of successive range readings. Information about the range
and velocity is fed to a computer of the system for controlling
closing for use on the final stage of rendezvous and'(1ocking

This elvctro-optical system has the following characteristics:

- Operating range 120 km;
- Range-measurement error 0.5% at distances from 120 to 3 km

and 0.1 m from 3 km to docking;

- Error in determining angular docking coordinates 10.
(10"). 48,000

rad (10").

284



PART 2. PRINCIPLES FOR, THE DESIGN OF ELECTROOPTICAL.- INSTRUMENTS /263
OF SPACECRAFT

CHAPTER 9. A METHOD FOR CALCULATING THE RADIATION CHARACTERISTICS

9.1. A Metho'd for' Calculating the Amount of Solar Radiation Per-
ceive'd by ,th e Instruments after Reflection from the
Earth's Surface and Cl-ouds

The power of the solar radiation reflected from some sur=
face and perceived by an electro-eptical..,instrument. -depends not
only on the parameters of the instrument but also on the charac-
teristics of the reflecting surface. Thus, for example, if the
field of view of the instrument is directed toward the earth, then
both the clouds and the surface of the earth with the atmos-
phere may fall within its limits.

If the field of view of the instrument is directed toward
clouds illuminated by the sun, then we can approach the cal-
culation of the radiation reflected from them in the following
manner. Since the clouds are a diffuse reflector with a reflec-
tion coefficient po, on the basis of (1.21) we find their
luminance

Es

S - (9.1)

where ES is the irradiance created by the sun..

The- irra diane- -crneated: by- the clouds ..in the -plane of the
entrance pupil of the instrume-nt depends on the dimensions
of the radiating surface. However, radiation from not all
sections of this surface will fall on the receiver. The radia-
tion flux will fall on it only from the sector which is limited
by the instrument's instantaneous field of view. The
irradiance created in the plane-of the -entrance pupil by the
radiation which comes from this secticn of the surface will be
called the active irradiance. The expression which determines
the active irradiance Ea has the appearance

E a= & = ,
a ent0 n PQ (9.2)

where 4a is the radiation flux reflected from the clouds and
falling in the instrument; AentO is the area of the entrance
pupil of the instrument.
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When a portion of the field of view is directed at the /2,6
cloud cover and a portion at the cloudless section of the earth's
surface, the active irraCdiance at the instrument entrance
will be

ES_ [,_E (l Ygg ,(9.3)

where ne is the coefficient which characterizes the fraction of
the field of view occupied by the cloud cover; Pe is the co-
efficient of reflection of solar radiation by the "earth's sur-
face-atmosphere" system.

Naturally, if we consider the radiation reflected from the
earth as interfering, the most difficult conditions for the
operation of an electro-optical instrument will occur when the
instantaneous field of view of the instrument is directed entire-
ly at the clouds, i.e., ne = 1 and

ES

The active irradiance will be maximum with the

normal incidence of the sun's rays on the sections of the cloud
cover which fall in the field of view. In this case
ES = 0.135 W/cm 2 and the maximum possible value of the active
irradiance at the entrance of the instrume'nt will be

0,15
Eamax Qop 0,0430o , W/cm 2  (9.4)

If we consider that the orbital plane of the SC is inclined
toward the plane ofthe equator by the angles i = 50-1.7 4-10-2 rad-
80.1.74-10- rad (50-800), the probability of maximum illumina-
tion is very small. In the majority of cases, the angle between
the direction being considered and the direction of incidence
of the rays will be at least 20.1.74.10-2 rad-30-1.74*10- 2 rad
(20-300) and the coefficient of diffuse reflection p0 < 0.7.
The values of the effective irradiance which will
occur under actual conditions are presented in Table 9.1.

If there is no cloud cover above the earth's surface, then /265
the underlying surface and the atmosphere will fall in the
instrument's field of view. In the first approximation, the
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value of the active irradiance can be. determined from

formulas similar to (9.2) and (9.3):

a'=' S' Qn 1)0 (n- I p (9.5)

and

P (9.6)

TABLE 9.1. DEPENDENCE OF EFFECTIVE IRRADIANCE .AT THE
ENTRANCE OF THE INSTRUMENT ON THE SIZE OF THE

INSTANTANEOUS FIELD OF VIEW.

Field-of-visionl 3.10-4 7.5-10-4 11.5.10-3 3.10-3 9-10-3
angle, 2W rad

Active irra- 1 74 -10-9 1.I.l -8 4,3810- 8  1,74-10- 7 1.56.10-6
diancp 11.74 -

Field-of-vision 1.74-10-2 3510-2 .0 8.9.10-2 0.174 0.35
angle, rad ., 1- . . 0 __
'Active 1a-&- j 6.0-10-6 2.5-10-5- 1.0-10-4 6.0.10-4 2.5-10-3

Eal W/cm2

Relation (9.5) permits finding the active irradiance
When clouds. also fall in the field obf view along with the
earth's surface.

Formulas (9.2), (9.3), (9.5), and (9.6) can be used only
for approximate estimates in those cases where the reflection
coefficients change weakly with a change in wavelength and if a
nonselective radiation receiver is employed in the instrument.

For more rigorous estimates, we consider the change in the
reflectivity of the ground cover in accordance with the, spe'c-
trum. In addition, the radiation which falls on the earth is
attenuated selectively by the atmosphere during passage to the
earth's surface and return. This should also be considered in
the calculations.

In those cases where a radiation-receiver having selective
sensitivity is used in the instrument, the use of integral
reflection coefficients can lead to significant errors.
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InsInstrument ru- dition Consideration of the
field of 'eff sun sp:ectral sensitivity of

view a.b. a radiation receiver
Layer of, the esm) -- aje. I leads to the necessity
atmosphere. --- to change from regular

irradiance at the
eX) 0 X) [ entrance pupil of

:. I the instrument and radia-
Fig. 9.1. For the determination of tion flux which falls on
the effective value of active the receiver to effec-
irradiance at the entrance of-an .. @vye values of ir-
instrument caused by reflected radiance and radia-
solar radiation. tion flux.

In general the /266
effective value of the active monochromatic irradiance
at the entrance to the instruments (Fig. 9.1) will be

eff (9.7)
ea. es x ec ( ;) e () () ) s (), (9.7)

where efa.b is the function of spectral density of the effective
active monochromatic irradiance reduce.dto the entrance
to the instrument; eSeax is the function of the spectral density

of ir:radiance create'1, by the-sun on- the,-boundary of,
the atmosphere on the wavelength of maximum radiation; eS() is
the function of spectral density of solar .irradianbe
in relative units; Ta(M) is the spectral transparency of the
atmosphere for the solar radiation which falls on the earth's
surface; pe(X) is the spectral reflection coefficient of the
surface being examined; TOa(X) is the spectral transparency of
the atmosphere for the radiation which goes to the instrument;
TO() is the coefficient of the spectral transmission of the
optical system of the instrument; S( :) is the relative spectral
sensitivity of the radiation receiver.

The effective active irradiance.can..be determined
by the integration of expression (9.7) for the variable

aef a effd Q)e ' To. (1) ; ) (9.8)

We multiply and divi.de. the right.side' of~-equation (9.8) by
the factor
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e 'z() di eS eS Q) F.Q) 0 )e

and, after certain transformations, re obtain

ff- esm,,a ec ()ra) ) o)Ta o ()s A)

ica.b= '* X

1 es;.ma j es () roa (k) QeO ) )

eS eSxia . f e Toa (r) ()

]-

XeS eS()o. e@ma$ e(1)dA, /267

max e )

whence, after simplification, we have

ef f es ,) a )Ta () Ta ( ) To ()~) s () A

a.b ,e SQ(.) roa () Oe(4)a -

(9.9)
SeS)Toa ()QeQ)d A

X - . eSXma* J e() dL

A 0
We note that eSma* e(,)d,=Esis the irradiance

created by the sun beyond the limits of the earth's atmosphere

and eg, e(0,)edr(,)@,()d =E is the active irradiancemax d  ,,a.refj

reduces to the entrance of the.instrument:without

consideration of attenuation by the atmosphere during propaga-
tion toward the instrument.

In (9.9) we call the integral ratio

[ eS() M, (X) .( ) )To ) To S ) sg)d
A - k () (9.10)

fe $O,) ro. 0) e,) 'a
0-
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the coefficient of the receiver's utilization of the solar radia-
tion reflected from the earth's surface.

The second cofactor in (9.9) is the integral coefficient
of reflection of solar radiation by the earth's surface.

We designate it

(e X eSTo)Qed.e (X) T Ia M % (1) A

n :eQ)dl e(y)l (9.11)

Thus, from (9.9), with consideration of (9.10). and (9.11),
we have

eff

S( n . (9.12)

---------------------...----------

The obtained formula shows that the effective value of the
active irradiance reduced to the entrance of the instrument equals
the product of the irradiance created by the sun beyond the limits
of the earth's atmosphere times the receiver's use coefficient of

--reflected-rad-i-a-ton--and-times-..-the--inte.pral reflection coefficient.

If the emitter is the moon rather than the sun, then all
calculation formulas remain as written formerly, but in placp
of ES, eSa and eS(A), it is necessary to substitute Ek, em

max max
and ek(X) in them, which correspond to the irradiance created
by the moon.

9.2. Calculation of the Amount" of Solar Radiation Reflected by
Artificial Obljects and, 'Perceived by the Instrument

Let us consider a method for calculation using as an example
in this case the reflection of solar radiation from objects
with a cylindrical and spherical forms which possess diffuse
reflection.

Assume that an emitter which has the form of a cylinder
and the instrument are mutually arranged as shown in Fig. 9.2
where we assume the following designations: y is the angle between
object-sun direction.and the object-instrument direction, i.e.,
the sun-object-instrument angle; Q is a plane perpendicular to
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the axis of the cylinder;

S 1 and 2 are the angles
.M - between plane Q and the

directions to the sun and
dA instrument, respectively;

b/, M i is the angle between
normal N to the reflecting

d a area element and the direc-
SI tion to the sun; 4 is the

B .angle between the normal
N and the projection of the

.- I object-instrument direction
P to plane Q; 6 is the angle /269
S " in plane Q between the

projections of the object-
Fig. 9.2. Diagram of the reflec- sun and object-instrument
tion of solar radiation from a directions to it; a is the
cylindrical object. angle in plane Q between

the normal N and the pro-
jection of the object-sun
direction.

Considering the cylinder as a secondary emitter, we can
write that the force of emission dl from the area element dA
will be

dl=BdA cosi, (9.13)

where

dA = Hroda;

H and r0 are the height and radius of the cylinder

cos i=cos a cos ~;

B is the energy brightness of the area.

If we accept that the object is a diffuse reflector. then
with illumination by the sun, its energy' brightne.ss will be

B==Q cosE cosp.I
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Substituting in (9.13) the values which go into its. quantities,
we find

dl= EQHro cos Z cos cos pcos ada.
U (9.14)

Considering that = a - 6, we rewrite expression (9.14)
in the form

dI = E QHro cos E, cos .2 [cos cos a + sin sin a cos a] da.

Integrating this expression, we find the total radiation
intensity of the object in the direction of the instrument

I= -.-- S Hrocos cos [cos s cos2 ada+sin sin a cosada

or

= SQHro coscos 4 a s - cos o! siIn . (9.15)2 _ _ COS !!!-a in (9.15)
n .. 2

The upper limit of integration of a2 is established from the
condition that with the angle a > 7/2, the surface of the object
in the direction of the instrument will not emit anything; there-
fore, we take a2 = 7/2. The lower limit is determined by the
position of the sun with respect to the instrument. Since the
maximum angle from direction OC, when the sun is still
.creating illumination on the side surface of the cylinder, should
not exceed 7/2, the lower limit, as follows from the drawing,
will be

With consideration of the established values of the limits, /270
from (9.15) we will have

I= ocos~cosh 3- cosB+sin38 ,OSCOS (9.16)
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With this the value of the angle 6 is determined from the given
values y, 51 and E2 in the following manner..

On directions OC and OP, we lay off segments of identical
length OA = OB = b. From points A and B, we drop perpendiculars
to plane Q and designate them AM 1 = c, BM 2 = d, MlM 2 = a. In
order to establish the relation between angles y, , 2 and
angle 6, we express segment AB by segments c, d, an a, and also
from triangle AOB. From the drawing, it follows that

AB2'=(c+dY a2 ii AB2 =2b2-2bcosy.

Equating the right sides of these equations, we obtain

(c +d +a=2(1 -cosy), (917)
) (9.17)

where

c=bsin t; d=bsin Z;

a2= b cos E, b2 cos E- 2b cos Ex cos Z2 cos &.

Substituting the values c, d, and a in (9.17) and removing

parentheses, we find'

bt sin 2 +b 2 sin2  -2 2 sin 1 * sin + b 2 cos' 1+ 1
+ b2 cost ,-2 2 cos x, cost cos =26b(1-cosy). / (9.18)

After making certain transformat.i.ons, from (9.18) we

obtain

1 +sin i sin t - cos cos -cos=1- cos

or

sin 2 sin 2 - cos cos 2 .COS E= - cos y,

from which we have
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os cos T + sin , sin e2  cos +tg ,tg. i (9.19)
cos E1 cos E2  cos Ecos ~ -

Thus, relation (9.16) in aggregate with formula (9.19) pro-
vides the opportunity to find the intensity of the reflected
radiation.

If the surface of the object reflects selectively with
reflection coefficient e(X), formula (9.16) is written as
applicable to monochromatic radiation

i±= L() Hrocoscos ,in 21- os +sin m 81 (9.20)

and then converted to the effective value.of irradiance /271
reduced. to. the entrance of the instrument which, by analogy
with (9.19), can be presented in the form

J 0 0

eec (MQ (,) o 0W) ro)(1s )d
Designating =k the coefficient of

e .mfe()dX

utilization of the radiation reflected from the object by the
receiver, from (9.21) we obtain

a/r ES H os E, cos cos&--sin 8-.o (9.22)

9.3. A Metho'd for alculating the Amount of Radiation Intensity
with Reflection from Ob'jects of Spherical Form

The radiation flux which reaches the entrance of the instru-
ment after reflection from objects of a spherical form will be
the sum of two components depending on the state of their surface:
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a flux caused by mirror reflection and a flux due to diffuse
reflection.

Let us first consider the case of determining the amount of
reflected flux from an object with mirror reflection when both
the receiver and the emitter are on the same axis (Fig. 9.3).

Fig. 9.3. Mirror reflection of radiation from
objects of spherical form.

As follows from the sketch, only the radiation flux which is
propagated within the limits of a solid angular aperture falls
on the receiver after reflection from an object. This solid
angle is characterized by the plane angle

, 2L 1 (9.23)

where L is the distance between the instrument and the object;
De is the diameter of the entrance pupil of the objective.

With a given radius of the sphere, the radius of the area h
on the surface of the sphere from which the reflected radiation
will be propagated at angles to the axis not exceeding a2 de-
pends on the diameter of the receiving objective of the receiver. /2
Actually, radius h is determined by the angle a2, which equals
a2 +

Since a(9.24)

then
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where a h
01 L

Substituting the values of a2 from (9.23) and al in (9.24),
we find

D +h

2L L (9.25)

With small angles of B we can consider that B = h/R, then

D h h D 2 1 1
-- 2 R or- Th LR L 2L R L

Hence, we find the radius of the area on the surface of a
sphere with reflection from which the radiation -!alls on the
objective of the receiver

DR
2(2 L R)

Since R << L, then ignoring the value R in the denominator
of the last formula, we obtain the expression for the calculation
of h

RD
A=-

4L (9.26)

This means that the ideal mirror sphere with radius R is equiva-
lent in its reflectivity to a flat circular mirror with a diam-
eter of 2h. Table 9.2 presents comparative data on the dimensions
of the sphere and reflecting area at various distances.

The size of the reflecting area of radius h is /273

R2D2
2Ar=nh= . (9.27)

If the radiation intensity of the emitter lob is known,
then the value of the radiation flux which reaches the receiver
after reflection from the object (without consideration of
attenuation in the medium) will be
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where Pm is the coefficient of mirror (directional) reflection

of radiation flux by the objective; . !=- is the solid
L2j

angle within whose limits the radiation flux which is propagated
from the transmitter falls on, the objective.

TABLE 9.2. VALUES OF DIAMETERS OF REFLECTING AREA IN mm DEPEND-
ING ON THE DISTANCE TO THE OBJECT WITH VARIOUS DIMENSIONS OF

SPHERICAL OBJECTS AND Dob = 0.5 m

L au 0,2 0,3 0,4 0,5 1,0 2,0 5,0 10

R=1 1,25 0,85 0,62 0,50 0,25 0,125 0,050 0,025

R= 2,5 u 3,12 2,12 1,56 1,25 0,62 0,312 0,125 0,062

R=5 m 6,25 4,25 3,12 2.50 1,25 0,625 0,250 0,125

With consideration of attenuation of the radiation by the
medium,, expres.sion (9-,2,8) takes .the form

rec of6.m'1 (9.28a)

where Te is the coefficient of transmission of the radiation by
the medium ,with, propagation .in one direction.

From (9.28) and (9.28a), with consideration of (9.27), we
have

R2D2

Gre ob ' Qm (9.29)
and

R2D2
aedI I1 i (9.29a)
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With the use of a, laser as an emitter, on the basis of (1.4),
the radiation intensity of the transmitter will :be

qaer, 41as r

4_ _ n(9.30)

where wp and e are respectively the solid and plane angles of /274
divergence of the beam of the irradiator.

From (9.29) and (9.29a), considering (.30), we find

4ee6- Q ( 9 .31)
4Lp Q

and
SiasefDob 2

re 4L2e %e -  (9'.31a)

Sometimes, irradiators are used with mirror reflectors and
a luminous element with 1uminance.B. .In these cases,
the radiation intensity of the irradiator is found from the
formula

Itr=Btr-"$r pr
(9.32)

where Apr is the area:of the exit opening of the projector; Ppr
is the coefficient which considers the loss of radiation in the
irradiator itself and on the reflector.

With the use of such an irradiator, from (9.29), (9.29a), and
(9.32), we will have

re 16L4 Q (9.33)

and

16L4 (9.33a)

It can also be shown that, on the basis of (9.29) and (9.29a),
the radiation intensity with mirror reflection from an object of
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spherical shape will be

1. and I - (9.34)
ob 4L2 f. ob4L2(3

Second, let us consider the case where an object reflects
diffusely (Fig. 9 .4).

dA

bIrradiator

dx 'L

Fig. 9.4. Diffuse reflection of radiation from
objects of spherical shape.

The irradiance..create.d. by -the transmitter is /275
determined in an arbitrary point of a spherical surface by the
formula

E= Cos , (9.35)

where a is the angle between the normal to the surface and the
direction of propagation of the beam.

Assuming that the coefficient of diffuse reflection, of the
surface is Pd, on the basis of (9.1)we write the expression for
the luminance of this surface as. a secondary emitter

E
- a

whence, considering (9.35) we obtain
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B cos(9.36)
tf "e Qd 0
L2  U I

Taking the elementary area dA (elementary circular zone with
width dt) as an equally bright emitter, we find the intensity
of the radiation reflected toward the instrument from the
formula

dl =B dAcos a, (937)re f- (9.37)

where dA = 2wrd£;,r = R sin a is the radius of the circular zone;
dt = Rda.

Expanding (9.37), we write

dIf= 2B.rRsin acos ud. (9.38)

Since the emitter and receiver are in the immediate
proximity of each other, the limits of change of angles a and al
are practically identical during irradiation and reflection.
Then the total intensity of reflected radiation is found by
integrating expression (9.38)

I re-di - 2Ba/ sin acosada,

whence, with consideration of (9.36), we will have

t2 rReooeSin a cos da

I L2

0

Ire&2 dre '12

L2
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Integration of this expression provides /276

2I. R2

4 U2 Qe2 e (9.39)

where Itr is the radiation intensity which is calculated, de-
pending on the type of emitter, from formulas (9.30) and (9.32).

The value of the radiation flux reflected diffusely from the
object and reaching the receiver is calculated from the formula

L2 en.ap 4L2

whence, with consideration of (9.39), we obtain

O _t (9.40)d -- 6L4 " , (9.40)

In practice, both mirror as well as diffusive reflection
occurs simultaneously. Then the total intensity of reflected
radiation will be

I1= em+1- Irf ad

Substituting here the values for Iref m and Iref d from
(9.34) and (9.39), we find

I tR2TL , R 2T( .. _'
r'4L2- I- ' tr ±' . _- -_-" 3 l (9.41)3t L2 2L2 k-2

The total value of radiation flux on the receiver entrance
on the basis of (9.29) and (9.40) can be calculated using the
relation -- 2

~16L4 . 6 I301
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whence

2L4 \8 3)

(9.42)

9.I4. Calculation of Radiation Intensity with Reflection from
Corner Reflectors

To increase the operating range of elelctro-optical instruments
of the active type on objects which should be detected, in a
number of cases special devices are installed in the form of
corner reflectors or ."tail. light" reflectors... They are a
set of four-sided glass prisms on all faces of which mirror-
reflecting coatings have been applied except to the entrance face.
All three mirror faces comprise right angles with each other /277
(Fig. 9.5). The basic property of such prisms is that the

pencil of rays which falls on the entrance
face, after reflections from the mirror faces,
leaves the prism in the opposite direction.

The divergence of the reflected pencil
increases somewhat as a result of the dif-

Entrance fraction effect and the imprecision in
'ace manufacturing the "tail light" reflectors
Mo and will comprise the value

faces

Fig. 9.5. Corner
reflector

where ed and em are components of the angle
of divergence of the reflected pencil caused
by diffraction .and imprecision in manufacture.

The first component can be calculated from the known formula

d cos p

where A is the wavelength of the incident radiation; d is the
linear dimension of the entrance face of one reflector; B is the
angle between the beam and the normal to the reflector.

If X is measured in pm and d in cm, then after the matching
of the dimensions, we obtain
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oX 1O--. (9.44)
d cos B

The second component depends on the quality of manufacture
of the reflector. Assuming that the divergence of the pencil
due to imprecision of manufacture of the reflector is n seconds
of arc, we have

o r = 10 _4( + 10,05n ).Idre = l -  d os / (9. 45)

With the derivation of the relation for calculating the
intensity of reflected radiation, in this case we will consider
that the elementary reflectors on the object are assembled in a
unit with the area of the reflecting surface equal to Aref. On
the basis of (1.4), we find that the irradiance created
on the object by the transmitter of the instrument of the active
type will be

Fob= s,
(9.46)

where 8r is the angle of divergence formed by the optical system
of the transmitter and directed toward the object; etr is the
radiation flux emitted by the transmitter within the limits of
angle O8.

It is not difficult to show that the main share of the radia- /278
tion which is propagated in the direction of the instrument is
reflected by a corner reflector. The value of the reflected
flux is determined from the expression

re 6K r oef-6L2 1%ef .S (9.4 7)r j

where Pref is the coefficient of reflection of the radiation of
the transmitter by the "tail light'" reflector.

Considering that the reflected radiation is propagated in a
pencil with angle of divergence Oref, we find the radiation
intensity reflected by the object in the direction of the
instrument
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S 4ref (9.48)
rel r82

ref

where 4 ereref , is the solid angle within whose limits the

laser radiation reflected by the object is propagated in the
direction of the instrument.

Substituting in (9.48) the values of the quantities from
(9.45) and (9.47), we have

S 16 efoq-efrf 108.
ref X 2 .

n2 d cos 0,05n) 2 (9.49)

By analogy with (1.8), the value of the radiation reflected
by the object which falls on the receiver will be

fe re a 0 f r

whence, after .substitution of Iref from (9.49), we obtain

I6 af4 eiPn. M T'aQ()TTr

a2L45f___ 2 108 o 8d2L + O.05n) (9.50)

At present, corner reflectors are made so precisely that
the divergence of a beam after reflection is increased by only
2"-5" of arc, that is, n = 2-5 seconds of arc.

The reflecting faces of the "tail- light" reflectors are
coated with a mirror coating with reflection coefficient

Pref = 0.9.

With consideration of this, we obtain

r, +0, 2 108;

- 45r n 3 .afp - -O T
Sq 102 8 cos 8 (9.52) /279
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These permit calculating the intensity of reflection of the
radiation by a corner reflector and the value of the radiation
flux attained by the receiver after reflection from the object.

9.5. A Method for Calculating. the Functions of the Spectral
Density 'of Selective and Gray Emitters

Frequently, for some selective or gray emitter, one of its
integral characteristics is known (emitted flux 4,
luminous intensity I, energy brightness B, energy
luminosity R, or irradiance E) and its distribution

over the' 'spectrum 'is given.in r'elat'ive.units, i.e.,
the function of relative spectral density isknown and it is
required to estimate the radiation of this source in a compara-
tively narrow angle and have data on its spectral characteristics
expressed in absolute units.

With such a posing of the problem, the necessity arises,
on the basis of the indicated initial data, to find the corres-
ponding function of spectral density (in absolute units), which
corresponds to finding the scale of the function of the relative
spectral density. The function of spectral density permits
estimating the characteristic of interest in the required band
of the spectrum. Let us consider the method of determining
the function of spectral density with the following example.

Assume that we know the luminous intensity of the
source I and its relative spectral distribution given by the
function of relative spectral density irel(X) (Fig. 9.6). It

is required to find the
function of spectral density
of Iuminous- intensity I
i(1) and its maximum value.

1.0 In accordance with

D.8 (1.23), we have

0.8

02

1,0 2.0 3.0 4.0 1 5.0o'A m We transform this ex-
pression in the following
manner. Referring the

Fig. 9.6. Function of relative current value of the function
spectral density of luminous of spectral density of
intensity luminous intensity i(X) to its

maximum value imax(), we
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obtain the function of relative spectral density of the
luminous intensity irel(k):

,1) ( 9. 5 4)
imaQ) i

whence we have /280

e(9.55)

Substituting (9.55).in (9.53), we find

=l=max(X) dre) d. (9.56)

The solution of this equation relative to imax() gives

'mfl ()=
(9.57)

Inasmuch as in the majority of cases the function irel(X)
and any other function of relative spectral density has no
analytical expression, the integral of the denominator in
formula (9.57) is usually calculated by graphical integration.

Setting ourselves the integration step AX, let us analyze
the entire band of the spectrum where irel(X) / 0 for intervals
with width AXj. Replacing the integral by the summation sign
with the selected integration step, we can write

0jed- ire{J A (9.58)

where irel(X ) is the values of the ordinate of the function

irel(X) read from the graph and corresponding to the middle of
intervals AXj.

With an integration step invariable for the spectrum
(AX = AX) = const, carrying AX beyond the summation sign,, from
(9. 8) we have

o -1 (9.59)
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Thus, the integral of the denominator is the product of the /281
width of the integration step times the sum of the ordinates of
the function for all division intervals.

Substituting (9.59) in (9.57), we obtain

ne1l _ (9.60)

We obtain the relation for finding the current values of
the function of spectral density of radiation intensity i(X)
from (9.55) with consideration of (9.60). It will have the form

S(9.61)

By analogy with (9.60) and (9.61), formulas can be obtained
for calculating the functions of spectral density of other
radiation characteristics: radiation flux of energy brightness,
energy lumin.osity, irradiance. For example, for
radiation flux, the formulas will have the form

w.a.=() 0 . A (9.62)

1rel

j (9.63)

Example. It is required to determine the intensity of radia-
tion of a selective source in the band of the spectrum from

11 = 4.2 pm to 12 = 4.5 Pm if it is known that its
luminous intensity in the band from 2 to 5.5 pm equals
I = 5-105 W/sr and its distribution over the spectrum is charac-
terized by curve 1 in Fig. 9.7.

We will solve this problem in the f6llowing sequence:

1) If the scale of curve 1 is arbitrary, then taking its
greatest value as unity, we construct the function of relative
spectral density of Lumi-nous -intensity irel() in a
unit scale (curve 2);
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2) Assigning integration step AX = 0.1 pm, we read from the
graph the values of the function irel (ordinates of curve 2)
which correspond to the middles of the intervals and tabulate
them in Table 9.3:

TABLE 9.3.

X 2.0 2.1 2.2 2.3 2.4 2.s 2.6 2.7 2.8 2.9 .o3.0 .3.1 2. 5 3.6

1  ) 3310.0.21 0.2 1 0.2 8 0.35! j0.35I0 ,s0.360,3110.2210, 1810: .170.20 0.21 o0.220.21

1. 1 3.8 13.9 14.0 14.1 14.2 4.3 14.4 14.5 4.6 14, 4.8 1.9 15.0 15.1 15.2 .3

1 1j) 0.2110.2010. 181 0.2210.a50.791.0o 0.84 043 0.22 0.120.05 0.0310.0210.01 0.0010.00

3) Summing all values /282
of irel(X), we find that

.0

08 - /]-10;,
0.6 .

04 i 4) From formula (9.60),
0N2 'we determine the maximum

value of the function of
s 2.5 30 s 4.0 .s- Jo Am spectral density of :.

luminous intensity
Fig. 9.7. Graphs of spectral 5.1os0
distribution of luminous iaxQ)= 0,10 =.0

intensity: 1. spectral distri- a 0,110
bution of luminous intensity - i
at an arbitrary "scale; W/( sr'm)
2. function-of relative spectral
density of luminous -intensity
(on a unit:scale). 5) 'Using relation

(9.55), we find the values
of the function of spectral
density of energic luminous

intensity on arbitrary wavelengths

i(') =imax 0(Q)iO)5"-".) W/(v ()
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6) For calculating luminous intensity IAX in the
band of the spectrum from I = 4.2 Pm to X2 = 4.5 um, considering
(9.60) we use the formula

'),= m max (A.)l 6 j) 5 1e' 0%
J-I

7) In the indicated band of the spectrum from 11 = 4.2 im

to 12 = 4.5 Pm, we determine the value of, &)=0.79+1,+o.=84=2,63
f-1

(corresponding values from (Al ) isolated in the table);

8) We find the required luminous intensity from the
formula

I, = 5. 105.0,1.1 ,L() =5105.0;,1-2,63 =131000 W/sr.
J-1

9.6. Determination of the Characteristics of the Radiation of a /283
Source from the Known Value of the Functions of Spectral
Density

We will consider that one of the functions of relative
spectral density, for example, the luminousintensity
constructed in an arbitrary scale (curve 1, Fig. 9.8), and
the value of monochromatic radiation intensity in the band of the

spectrum AXj on wavelength Xj are
known, i.e., irel(A) and IAX- are
given. It is required to determine

du() imax(1), i(X), and I.

10 2 From the known value of the in-
s-A tensity of monochromatic radiation
06 IbAj, in the band AX. we find the
0 value of the functioA of spectral

density of the luminous
0,2 intensity on the wavelength Xj:

Fig. 9.8. Functions of i()
relative spectral density (9.6
of radiation: 1. in an
arbitrary scale; 2. in a
unit scale.
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If a graph of relative spectral density of luminous
intensity is presented in an arbitrary scale, then it is
necessary, taking the greatest of its maximums as unity, to
construct the function of relative spectral density in a unit
scale (curve 2).

We determine the value of function irel(X) on wavelength X,
and, using relation (9.55), we find

. 1 ) ~(9.65)

From the value of imax(X) now known, on the basis of (9.60)
we determine the luminous intensity of the.source

' ,max ()AX ( J), (9.66)
-1 "

and from formula (9.55), with consideration of (9.65), we obtain
the expression for calculating the values of the function of
spectral density of luminous,..intensity on any, wavelength

(A j) (9.67)

Similarly, we obtain the formula for the calculation of other /284
characteristics of sources of radiation. For radiation flux,
for example, these formulas can be written in the form

and j=

(9.68)
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rjrA ' W-I(/c'M2 ) Example. Assume that
r r()/cm) max() the relative spectral dis-

tribution of energic
6000 radiosity rrel(X) given by

S000so o the graph (Fig. 9.9) is known.
/- r) rIt is also known that on

O' 4000 - I wavelength X = 3.4 pm the
monochromatic energic radiosity
inithe band of the spectrum

0 200 AX = 0.0 1  m is RAX j =
,= 2.0 W/cm .

.26 ,0 i m determine R, rmax(X) and r(X):
Fig. 9.9. Curves of the spec-
tral density of the energy. 1) We construct a graph
luminoity ,of a source'-for.the of the function of relative
s-olution of the problem): spectral density of energy.
-1. relative spectral energy Y iuminoSi-ty M. '.()C(so that
-uminosity yin- arbitrary "scale; its maximum - [ue equals 1.0);
2. function ofrelative spectral
density of energy luminosity;. 2) We determine the
-. function..of spectral, density value of the function rrel(Xj)
ofenergy,luminosity. on wavelength Xj = 3.4 yim.

From the graph, we have
rrel(Xj) = 0.,15;

3) From the given RAXj and.AXj, by analogy with (9.64) we
find

RA) _ 12,0 g; /C%' 2
2r C.I) -0 - - = 1200 Wi(C --2.1J ;;

4) Using an expression analogous to (9.65), from the known /285
r(Xj) = 1200W/cm2 'm and from rrel(Xj) = 0.15, we find

r (hX) 1200
rmax ( r) 0,15 8000 /wI(cu . uM );

5) We divide the entire band of the spectrum where rrel(X) #
0 into intervals with step AX = 0.1 pm and we find the values

of function rrel(Xj) which correspond to the middles of the
intervals (ordinates of the curve from the graph) and we tabulate
them
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X 1 i5 2.6 271 2,8 2.9 3.0 3.1 3.2 3.3 3A j 1 3.6 3.71.81I3.9 4.0
0,12 0.40 10.48 0.32 0.?2 0.53 0.75 0.63 0.3 00.15 0.45 0.96 0.700 .000.00

6) Adding all values of rrel(X3), we find

a

N r i) = 6,,20;

7) Using the results of parts 4 and 6, we compute

R =rmax() Am rPi )= 8 000 w-/(a2pm -).0,1-6,20=4960 W/cK 2;
.- 1 r

8) Using the relation

J rX) = 800O-r0f) Wr /(ci 2 - 4m).

we find the values of the function of spectral density of energy
.luminosi-ty.

9.7. A Method for Determining the Radiation Characteristics of
Emitters Which Are Nonuniformly Heated

Let us examine the simplest case where the temperature
of the radiating surface changes linearly with regard to one of
the coordinates. As an example, let us take a flat rectangular
radiating surface, whose temperature changes linearly along
dimension H (Fig. 9.10) and let us determine the energy:.bright-
ness--for it.

On the radiating surface, we discriminate the area element
dA and on the basis of (1.12) we write the expression for the
determination of the luminous intensity of this area
along the normal to the surface

d --R dA dA,
A (9.69)
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where dA = Hd£ is the area of the radiating
surface element; T is the temperature of
the radiating surface element dA.

With a linear change in temperature /286
along dimension H from T1 to T2 , the
current temperature value at height h
from the base will be

= +ah, (9.70)
Fig. 9.10. For
the determination
of the character- where
istics of radia- 72-- T1 T
tion of nonuniform- a= H =-"

ly heated flat
emitters with a
rectangular shape.

Substituting the values dA and T in
(9.60), we obtain

,dl:f' -l Tr h T dh. (9.71)

The uminous,intensity,,ofz the entire.surface is found by
integrating .expression >.(9, 71 ),, fo,: th'e variable hh:

I T A.=T h dh.= d I-(=-- h (9.72)

Integration provides

= 5 1(T2- T 1) T H I

After substitution of the limits of integration we obtain

szlH 2-T2

Sn T2-T 1  (9.73)
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or

I= E"H (T--T1T +, TT+ T2T, + r.) (9.74)
5n

Introducing the designation AT = T2 - T1 , by means of
simple conversions from (9.74) we will have

I=- ' T X1 (9.75)

X 1+ A794

(9.76)
EclH

i=- T(1 p+p 2+p+pp9),
Sn

where P= 1 +--.

On the other hand, if the temperature is the same over the /287
entire radiating surface, the luminoust intensity is,.determined
by :the..,,expression

EIH

n . (9.77)

From a comparison of (9.76) and (9.77), it is obvious that
for a nonuniform heated radiating surface we can select that
value of equivalent temperature at which the luminous
intensity of the surface proves to be identical to the
luminous intensity of a surface with temperature nonuniform over
the surface. Equating the right sides of equalities (9.76) and
(9.77) we obtain

qT4uv 5 ( +p3+p). (9.78)

We note that even in the simplest case, when the temperature
changes linearly along the radiating surface, the equivalent
temperature differs from the mean temperature of the surface and,
what is more, the luminous intensities differ. What.

has been said is graphically confirmed by the data in Fig. 9.11
where the character of change of the equivalent temperature of
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gfrTeff -the surface with an in-
77r crease in the difference

- 23 between the minimum and
O - Tf mean temperatures of the
/s 7 - surface is shown. This

77 / same figure shows a
S/ - graph of the relative

15 T". - change.in luminous
.51 / t intensity with increase

-. in AT,for :a.,surface with
4- temperatures Tequiv and

,2 5 Tmn.

0 1,2 4 6 8 20 22 24 Calculations show /288
that the difference

Fig. 9.11. Character of change of between Tequiv and Tmn
effective and mean temperatures and reaches 5% with AT = 2
energy;,bnghtness :which correspond and with AT = 1.6, does
to these temperatures. not exceed 2.5%. At the

same time, the
luminous intensity with

the same values of AT differ already by 10 and 20%.

Hence, the conclusion can be drawn that with insignificant
temperature differentials within the limits of the radiating
surface being considered, the nonuniformity of heating can be
considered by the introduction of mean temperature and with
large differentials, it is expedient to use equivalent
temperature.

Let us consider a circular idealized emitter whose tempera-
ture changes linearly along the radius.
In order to determine the luminous intensity
of-th.e-enti-e area we first find the-energy
brightness of f acirculrzone element

(Fig. 9.12) and wie.integ ate .it fo the
entire surface .of.. the .circle.

With a linear temperature change

along the radius, its value within the
limits of the circular zone element dA

dA=Zrtrdr
will be

Fig. 9.12. For a
determination of T -TI
the characteristics 2=-R (9.79)
of radiation of a
nonuniformly heated where T1 is the temperature of the
flat circular emitter. radiating surface at distance R1 from
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the center; T 2 is the temperature at the edge of the radiating
area at distance R2 from the center; r is the radius of the
circular zone element.

The uminous .intensity o'f t-he ,circular <zone element
with temperature of the radiating surface T will be

Fc T4
dl= dA, (9.80)

where dA = 2rdr; dr is the width of the circular zone.

From (9.80), with consideration of (9.79), we have

dl=2n" Tx 2--" (r-Rj]rdr,
aL. R2 - 1 R

then the luminous intensity of .,the- ci-rcle with lineafrly "changing
temperature will be

0R
I=Sdl=2\ [T,+ 2-71 r-) dr.

A R R2-R 1  (9.81)

The solution of equation (9.81) provides /289

S2 R2-RI 3 2

2 -a T+ 3 -2 +7 (  -  +

T -R11 -- 1 3 2

1 4 ,,+ s R4TT TI-)--(- R3 ?3-)) .7
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carrying T, outside the brackets and designating T2 - T = AT,
we obtain

T R2-R 1  23 2

'2 (- .(R- RI)2 1
_3 " .(9.82)
4 R,(-R4- )+R (R )-2 3(- +

4

2T 1 R1(-R

simplifying the expression in the brackets, we will have

4 AT 2R - 3R R1+R R+
S 3 Ri (R2-) (R?-R1 )

( AT 2 3R4 - 8R'R1 +6R -R4
S (Rj-R)(R 2-RT- (9.83)

1, I T 4R - 15R4RI + 20R - 10R+R +

5 TI (R 2-R2) (R2-Rl)

+ ar 5R' + 24 R-I+4jR - 40R23R315-1 5R2-2R .

. (R2, R21 .) (R" R

If the radiating disk is continuous, i.e., R1 = 0, the /290
expression (9.83) is simplified considerably and takes the form

- -I -- ,'+ 3 + - (9.84)
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By analogy with the preceding, the equivalent temperature
of a nonuniformly heated disk will be

P 8 %T T )2 4 T 3 ] T)4
I -T f3 - -- _I

equv [) 6TJJ (9.85)

If the temperature differential from the center of the disk
to the edges does not exceed 0.04 and it can be ignored, then

Tequy l , r J (9.86)

With 0.5T 1 < T2 - T 1 < T, we can ignore the last term in
the brackets, the relative value of which does not exceed 0.025.

Finally, with T2 - T1 > Tl, it is necessary to calculate
the equivalent temperature with consideration of all components,
i.e., from formula (9.85).

The luminous intensity of the ,disk with the -tempera-,
ture of the radiating surface which changes linearly from the
center to the edges, expressed through the equivalent, will be

I=/2/quiv (9.87)

If the shape of the radiating surface differs from a
rectangle or a circle and the l.Aw of temperature change is not
linear, the approach to the solution of the problem remains as
formerly. It is necessary to find the law of change of the
dimensions of the radiating area element and the law of"change
of the surface temperature, place them in agreement with each
other and, taking the integral from an expression of the type
(9.59) in which dA and T will correspond to the situation being
examined, to find the desired radiation characteristic.
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CHAPTER 10. ENERGY CALCULATLON FOR ELECTRQ.-OPTICAL.INSTRUMENTS

10.1. The Problems of Energy Calculation

The problems of energy ,calculationo dfelectro-optical equip-
ment are the determination of the values of some parameters with
which the required relationship between the useful signal and
the signal caused by the internal (intrinsic noises of the
receiver) and external (background radiation) interference is /291
assured at the output of the radiation receiver. These prob-
lems are reduced to the calculation of either the threshold
sensitivity and range of action of the instrument with given
parameters or to finding the values of these parameters in
accordance with given range of action or threshold sensitivity.

The range of action and threshold sensitivity of an electro-
optical ,instrument. abe i'ts mostl important characteristics.
Both these concepts are practically indentical, but one of them
(range of action) is used in work on radiating objects at finite
distances away, while the second is used most often as
applicable to equipment intended for operation with infinitely
distant emitters, for example, with the stars.

In the energy calc:ulation of electro-optical instruments,
the following cases may be encountered:

- The observed object is projected on a nonradiating
background;

- The object is projected on a uniformly radiating back-
ground;

- The radiating background on which the object is projected
is nonuniform.

In any of the indicated cases, the initial data for the
power calculation of electro-optical equipment are data which
characterize the radiation of the object, background, spectral
transparency of the environment and elements of the optical
system, and sensitivity of the receiver. Included in the data
on radiation of the object are:

- The spectral composition of the radiation which is des-
cribed by one of the functions of spectral density:
radiation flux i(X), energic luminous intensity i(X),
energy brightness b( ), irradiance r(X);

- Area of the radiating surface Ar;
- Emittance coefficient E(X);
- Contrast-frequency characteristic.
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Let us note that the spectral composition of the radiation
of ideal black and gray bodies can be determined if the temperature
T of the radiating surface is known.

Therefore, for such emitters, the temperature of the radia-
ting surface T is usually given instead of the functions 5(X),
b(X) and so forth.

10.2. Calculations of the Range of Action and Threshold Sensi-
tivity of Instruments in the Absence of a Background

The first stage of the energy calculation. is- reduced to the
determination of the amount of radiation flux from the object
which falls on the radiation receiver.

Inasmuch as the spectral composition of the radiation flux /292
of an object is generally described by an arbitrary function of
spectral density and, in the path of propagation, undergoes
selective attenuation in the medium .and. elements :of"- the
optical system, it is necessary to conduct all reasonings and
derivations of relations as applicable to a monochromatic radia-
tion flux with the subsequent change to integral radiation.

The monochromatic radiation flUx from an object which falls
on the instrument is determined as the function of spectral
density of energy brightness b('X.) and the dimensions of' the
radiating surface Ar, and also as the value of the solid angle
w within whose limits the flux which is propagated from an
object falls on the ele.ctro-iopt:ical instrument. (Fig. 10.1 ).

For an IBB or gray
body with a known

Stemperature, function
.- , Ib(X) is described by

the relation

r a,T)

Fig. 10.1. For the derivation of the
equation of the range of action of an
electro-optical instrument. Since, on the basis

of (1.5) i(X) = b(A)Ar
cos a, the value of the

monochromatic radiation flux which enters the instrument,
without consideration of attenuation by the medium, will be

do. =i(6)w di. =P b(.) cos a d.
(10.1)
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Designating in the expression which has been obtained

Arb (.) cos (a)= ), (10.2)

we have

d D= ¢ (.) d.= A. (1)w cos ad~., ' (10.3)

where . ; Aen.ap is the area of the entrance pupil of

the instrumen-m n which the solid angle (. ,based; L is th'e:distance
from the instrument to the radiating object.

With consideration of the attenuation of the flux in the
medium.and ,.components of the optical system and keeping in mind
the designations which have been introduced from (10.3), we
obtain the relation which determines the amount of radiation /293
flux which reaches the receiver:

xO (() de(x() (X (c) da dX (10.4)

where T0 () and Te(X) are, respectively, the functions of
spectral transmission of the radiation flux of the optical sys-
tem and the medium.

This relation is often also used in the following form

SA-aLk).r )'o Q)X (10.5)

The value of the monochromatic radiation flux effective
for a given receiver will be

dO)eff = ()e(1)To(1)s(X)d. (10.6)

Then, the effective value of the complex radiation flux
which falls on the receiver can be calculated by integrating
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expression (10.6) for all wavelengths, i.e.,

(10.7)

Multiplying and dividing the right side of equality (10.7)

by the same value 0()d , we obtain

S O(ef4s S () d. (10.8)

0

The relation of the integrals in this expression is nothing
but the utilization coefficient of the receiver for actual
radiation with consideration of attenuation of the flux by the
medium and components of the optical system

(X)r-) To (X )

(1) A (10.9)

and the integral f(X)dk is the total radiation flux of the

object at the entrance of the instrument without consideration /294
of its attenuation by the medium, i.e.,

O

With consideration of the designations which have been introduced
from (10.8), we have

(10.10)

r effkr

where A 2

r22ap ob
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We can come to a similar result in a different way. If
we make the selective attenuation of the flux by the medium,
and the optical system similar to the attenuation of the flux by
a filter which operates together with the radiation receiver,
the relative spectral sensitivity of such a reduced receiver can
be presented in the form

iS' ())= s ()te(,) ro (). (10.11)

Thus, considering at the entrance to the instrument the flux
unattenuated by the atmosphere which is characterized by the
function O(X) for the effective values of the monochromatic and
complex radiation fluxes, we will.have, respectively

df.effS 9 5) s () d,.

o

Multiplying and dividing the right side of the last equality by

the quantity S(=)d ,. we obtain

_ 0eff= o -.Dr (10.12)

where the expression for the coefficient of utilization of the
receiver for an actual emitter is written in the usual form, but
after the substitution of the value s'(X) it becomes identical
with (10.9).

The second stage of the power calculation consists of the
direct determination of the range of action.

In order to discriminate the signal from the objects against
a background of noises at the output of the instrument, the
effective value of the radiation flux from it should exceed the
effective value of the threshold flux of the receiver by a given /295
number of times m
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or eff > m. eff

(10.13)

where m is the signal-noise relationship; Os.t is the threshold
flux of the receiver in accordance with the standard emitter;
kr and ks are the utilization coefficients for the radiation of
an actual and standard source.

The value of the coefficient m depends on the purpose of
the instrument and the problems solved by it. In detection,
for the dependable discrimination of the useful signal from the
noises, m = 5-10 is taken; during measurements the coefficient
m reaches 20-50 or more.

From (10.13), we obtain

er=m s . (10.14)

Considering that O = Iw and w = Aen.apL - 2 , we find

ID mOs - (10.15)

Here Ds.t is the threshold flux of the receiver for the
radiation of a standard source when it is connected into the actulal
circuit of an electro-eptical instrument.. The value of .t can Ibe
presented in the general form as

O.t==OkCAf(e (10.16)

where k(Af) is a coefficient which considers the change in the
modulation frequency and width of the transmission band of the
amplifier in comparison with the standard measurement conditions.
If the width of the frequency band of the amplifier is s mll in
comparison with the modulation frequency, then k(&f)YVAfi
is taken as this coefficient. In those cases where the modula-
tion frequency fM differs from the standard f0 , the indicated
coefficient is taken in the form
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Keeping (10.16) in mind, from (10.15) we obtain the relation

L=- (10.17)

which permits calculating the range of action of the instrument
with given parameters of the emitter, medium, and receiver. 11

For the case where the emitter is a source at an infinite /296
distance, for example, a star, the effective value of radiation
flux is determined from the expression

Oef=EAn apkr (10.18)

where E is the irradiance created by the

star at the.entrance of the instrument; Tr is the eye's utiliza-
tion coefficient of the radiation of a star having color tempera-
ture T; ER is the illumination created by the star at the entrance
of the instrument.

Since E=-10 2.s then

18.75+5,

e 0 2.5s Kma) e n.' r  (10.19)

Equating the effective value of the flux from the emitter
to the effective threshold flux, by analogy (10.14) we will have

mcWA+k (Af) k-A = I 37
en.ap + S (10.20)

y0 2.5

The presented relation provides the opportunity to calcu-
late the area of the instrument's entrance pupil with which the
discrimination of the useful signal against a background of
intrinsic noises of the radiation receiver and the electronic
circuit is assured.
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A similar formula can be obtained for the case where the
object is projected on a nonradiating background if the required
range of action of the instrument is given

en.ap lrr (10.21)

If the parameters of the instrument including the area of
the entrance pupil are given, in this case we can calculate
the threshold sensitivity of the instrument which is characterized
by the required level of irradiance' at, th:e,.instrument
entrance in accordance with the formula

Ei kf i  (10.22)Aen.ap kr'

Relations (10.17), (10.20), (10.21), and (10.22) permit
calculating the range of action, required area of the entrance
pupil, and the threshold of irradiance under conditions
where the background is absent or when its influence can
be neglected.

10.3. Calculation of the Range of Action and Threshold Sensi- /297
tivity with the Influence of a Uniform Background

With the influence of a uniform background, the relations
which determine the range of action of the instrument with
given parameters (area of the entrance aperture which assures
the required range of action and threshold irradiance)
remain basically similar to (10.17), (10.20), (10.21), and (10.22).
However, several differences also appear in them which are caused
by the constant illumination of the receiver as well as by the
presence of some background level on which the emitting object
should be detected.

The presence of constant illumination leads to a worsening
of the threshold sensitivity of the receiver, i.e., to an in-
crease in the threshold flux. With consideration of the influence
of the background, the threshold flux of the receiver (Dbt will
be

(10.23)
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where k(b) is the coefficient which characterizes the
worsening of the threshold flux of the receiver due to constant
background illumination.

The energy b-ightness of the space surrounding the object
leads to a reduction in contrast as a result of a reduction in
the differential of the energy brightness of the object in com-
parison with the surrounding space.

The amount of constant illumination caused by the flux from
a radiating uniform background can be calculated in the fol-
lowing manner. If the background fills the entire field of view
of the instrument (Fig. 10.2), the radiation flux from each
area element of the background will be

db=dlJ" , (10.24)

where dlb is the
, luminous intensity of

the background from the
area element.

With small field-
of-vision angles of the
instrument, the solid
angle w which rests on
the entrance pupil of the

Fig. 10.2. Determination of the a- instrument will be /298
mount of radiation flux of a back- approximately the same
ground which lands in the instrument. for all points of the

radiating surface of the
background. The back-

ground flux which reaches the instrument is determined from the
expression

4-=I) (0 .25)b b

where Ib = AbB b is the luminous "intensity of the back-
ground in the direction of the instrument; Bb is the
brightness of the background; Ab is the area of the radiating
background which is limited by the instrument's field of view;
w is the solid angle within whose limits the radiation of the
background lands in the instrument.
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Since w=Aen L- 2  equality (10.25) can be rewritten in
the form ap

Aen.ap
b= BAb -en.a (10.26)

Since A ,/L'= , from (10.26) we have

b bn.aj (10.27)

Hence, by analogy with (10.12), we write the expression for
the effective value of radiation flux of the background which
acts on the radiation receiver

b,

'ef =  b= BbAen.eVkb  (10.28)

where k is the coefficient of utilization of the radiation flux
of the 9ackground of the radiation receiver.

The background flux which is determined by expressions
(10.27) and (10.28) nottonly influences the worsening of the
threshold flux of the receiver, but it also leads to a change in
the value of the useful signal.

With the presence of the object being detected (Fig. 10.3)
in the field of view
of the instrument, a

Aen p . radiation flux will
S arrive at the radia-

tion receiver which
is the sum of two
components: the

L 5radiation flux from
the object and the
flux from that portion
of the background

Fig. 10.3. For the derivation of the which is not screened
formula for the range of action with by the object. The
the presence of a radiating background. effective value of the

radiation flux of the
object which arrives

at the radiation receiver and which is determined by relation
(10.12) is written in the form
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The effective value of the background flux, with considera-
tion, 0oscreening by the object, will be

b'
eff Bb (o-g, (10.29)

where wob is the solid angle subtended by the radiating sur-
face of the object.

The total amount of the effective radiation flux with the /299
presence of an object in an instrument's field of view will be

r b- rp

B ". awbkb (10.30)
B n~; awbcbkb•

The electro-optical instrument should now react not to the
total radiation flux of the object, but to its increase over the
level of the background flux, which is the-difference

A-ef. eff ff, i

or, in accordance with (10.30) and (10.28),

Ar.eff = kr-r BbAen. apob (10obb31)

Substituting the values Pr and wob in (10.31) from formulas

=L2  en.ap ob L2

we obtain

,Ar.ef Sb r_- Bb. (10.32)
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The last expression determines the effective amount of
excess of radiation flux from the object above the level of flux
of the background.

Formulas (10.17), (10.20), (10.21), and (10.22), from which
the parameters of the electro-optical instrument should be
calculated with the presence of a uniform radiating background
in accordance with (10.23) and (10.32), take the form:

In the calculation of the range of action --

m (k( k(f)ks (10.33)

With the calculation of the area of the entrance pupil of
the instrument which operates on an emitter at an infinite
distance --

A mr4k(Af)k(b)kS

(10.34)

In calculating the area of the entrance pupil of the instru- /300
ment which operates on an emitter located at distance L --

L2me (Af ) k (C) k s;
Lf l e obr (10.35)

For determining the threshold irradiance at the
entrance to the instrument --

tn.apkr (10.36)

With vacuum photocells and photomultipliers, the constant
illumination from the background has an effect on the value of
the basic component of the noises -- the current of the shot
effect. The increase of this component is caused by the increase
in the total photocurrent. The background illumination also
has an effect on the increase in radiation noise which, with
high temperatures of the background emitters, becomes comparable
with the shot noise. In this case, the value of the thermal noise
in comparison with the shot and radiation noise can be disregarded.
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Consideration of the influence of background illumination
on the value of the threshold flux of a vacuum photocell or
P otomultiplier is accomplished by the calculation of a new value

O .t with the presence of radiation of the background by the
formula

b [2e (i + S4 ~j + 8kT 4 S] (10Af
s.t /S _spc (1

where Ob is the radiation flux from the background which falls
on the photocathode; T is the temperature of the background;
k is Boltzmann's constant equal to 1.38.10-23 J K- 1 ; SPM is the
integral sensitivity of the PM to the radiation of the back-
ground; Spc is the integral sensitivity of the photocathode of
the PM toward the radiation of the background.

The value of the threshold flux s.t calculated in this
manner is substituted in formulas (10.33), (10.35), and (10.36)
instead of the product cs.tk(Db)k(Af).

Consideration of the influence of background illumination
on the photoresistor is extremely difficult and the analytical
expressions which permit doing this can be obtained in con-
venient form only in some particular cases. Much more often,
this influence is considered by using the experimentally ob-
tained relations and graphs. Such graphs for some models of
cooled and uncooled photoresistors are presented in Fig. 10.4.

In those cases where the
. law of change of the resistance
of a sensitive layer under the

o.0 ! - ]influence of an incident
7~radiation flux is known, con- /301
6Po sideration of the influence of
- constant illumination can be

4,0 /accomplished from the change
.0 / in integral sensitivity and the

noises of the receiver.

5-10-4 1o - 15.10 2-- 2 It is known that the sen-
Effective:irradiance /cm2  sitivity of the photoresistors

is sometimes characterized by
the relative change in their
resistance under the influenceFig. 10.4. Effect of constant
of incident radiation fluxillumination on the threshold
and is determined as

sensitivity of photoresistors.
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SR Rb,

o (10.38)

where SR is the relative integral sensitivity; Rb is the resis-
tance of the sensitive layer during its irradiation by flux I;
ARb is the value of the change in resistance Rb of the sensi-
tive layer under the influence of the increase AO of the radia-
tion flux.

The typical relation Rb = f(s) has the form presented in
Fig. 10.5) [51]. Curve Rb = f(s) can be divided into three

sections. On the first of them, which
R corresponds to small constant illumina-

tions, function Rb = f(s) is linear and

)RT is described by the expression

= R , - k(D, (10.39)

RR+
I 2 Rb=cfast where RT is the dark resistance of the

-€ sensitive layer; k is the constant
coefficient (steepness of the charac-

Fig. 10.5. Change in teristic).
resistance of the sen-

With an increase in the value ofsitive-layer of a
constant illumination-, function Rb = f(¢)
can be approximated by the relation

change in the value
of incident radiation
flux.

-Rb=R + B - I, (10.40)

where B is the constant coefficient (for the given photoresistor).

Finally, on the third section Rb is approximately constant,
since a further increase in the value of the incident flux does /302
not lead to a noticeable change in the resistance of the sensi-
tive layer.

Let us examine the method for considering the effect of
constant illumination on the characteristics of a receiver as
applicable to a section of linear change of resistance.

With the influence of radiation flux AD on a receiver, the
resistance of its sensitive layer on the basis of (10.39) will
be
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where kA4 = ARb is the change in the resistance of the receiver
with incidence flux A$.

Substituting the value ARb in (10.38), we obtain

S kAO k

-k (10.41)

If a constant flux Qb falls on the sensitive layer from the
background, its relative integral sensitivity can be expressed
by the relation

SR = "Rb

Substituting here the values of quantities Rb and ARb, we
find

a 1SR a
b R, k

R,

whence, with consideration of (10.41), we have

b R. -s 'i (10.42)

In order to determine the voltage sensitivity of the re- /303
ceiver and its change under conditions of constant background
illumination, it is necessary to proceed from a specific scheme
for connecting the photoresistor. Usually, a load resistor is
connected in series with the receiver from which the signal
goes to the input of the amplifier (Fig. 10.6).

The value of the signal at the input will be

a uR A#
s (RT RZ) (R,- kA + R)
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Then the integral sensitivity of the photoresistor

AO (RT+R) (R + R.-kA \) (10.43)

With small fluxes aAM < RT, therefore

S= -k uRZRTS RR
R, (R,+R) (R+ (10.44)

With considerable constant illuminations (at the end of the
linear section) we have

SAUs_ uIkAq
S(Rb+ R) (Jb + Rt-kA-)

Under these conditions, the integral sensitivity will be

Sb=as= uRR,
AD (RkR-(RR+Rb- khf}

or

AS (+ R) (Rb+ R- kA) (10.45)

If kAM < Rb, then

bs a= RR R,
(-TR + R02 j (10.46)

We find the nature of change of the integral sensitivity
by taking the relation of expressions (10.46) and (10.44)

s b  (RT+R-9- k01
S (RT + R2 '

after a few simp-le transformations, we obtain
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.. (I R,+0 )R s(-os . +R (10.47)

This relation shows that with an
increase in constant illumination,
even on the section of linear change
in the resistance, the integral sensi-
tivity of the photoresistor drops.

Along with the change in integral /304
sensitivity with illumination, the level

Sf of the intrinsic noises of the photo-
resistor also changes. In Section 4.4

Fig. 10.6. Diagram of it was shown that the current noise of
the connection of a the receiver is determined by the
photoresistor to the expression
input of an amplifier.

The value of the current i which flows through an irradia-
ted receiver (see 10.6) will be

R, + Rt,

and with the presence of illumination, the current will be
altered by the:relation

Then the relation of the mean squares of the current noise
with the presence of background illumination and with its
absence will be found as

1h- Ai Af i (R, Rg2

P Ai2Af f" i2 (Rb + Rh'2

whence, expanding the denominator, we have
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- (l0.48)

Considering (10.41), relation (10.48) can be rewritten in
the form

f-= (l0.48a)
2 RT

On the basis of (10.47), we obtain

Po . SP (10.49)

Since, with an increase in background illumination, integral
sensitivity Sb drops, consequently, the current noises will
increase.

Proceeding analogously, we find the value of thermal noise
with the presence of a constant background illumination. The
dispersion of the current of thermal noise on the photoresistor
is described by the relation (4.52)

=4kTk-1Af.

Hence, it can be seen that with illumination the thermal /305
noise changes as a result of the change in resistance of the
sensitive layer which, in the absence of irradiation, equals
RR and, with the presence of a constant background illumination,
Rb = RT - k4. Naturally, the relation of the dispersions of
i4. current of thermal noise of a photoresistor not irradiatedL
i and irradiated ipT b will be determined by the relation of
t e corresponding resistors RT and Rb, i.e.,

1. RT Rk \ (10.50)
336
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From (10.50) and (10.41), we have

4.b

T2 1--SRO (10.51)

Whence, considering (10.42), we find

, -- .  (10.52)

In those cases where the values of the relative integral
sensitivities are unknown, for the determination of j ~ we canT.b

use the relation (10.51) in which SR is expressed from (10.44),
then

S URTR(- S (R7 + r (10.53)

With the presence of constant background illumination,
considerable values can be attained by the radiation noises
which are caused by the fluctuations in the flux from the back-
ground and are described by the relation

1 =16kTI Af.

The change in the level of intrinsic noises of the receiver
and its integral sensitivity under the action of background
illumination leads to a change in the threshold flux. It is
rather difficult to obtain a convenient expression for cal-
culating coefficient k(¢) in general form. It is simpler to
calculate the value of the threshold flux of the receiver under
new conditions from the formula

:( (10.54)

in which it is necessary to place the following noises i and
the integral sensitivity calculated for the conditions oibconstant
background illumination.
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If one of the types of noise is predominant, then under /306
such conditions analytical relations may be obtained.

Thus, for example, if current noise is the main one, the
relation which determines the threshold flux will be

s.t s (10.55)

Substituting here the value i1b from (10.49) and multiplying
and dividing the right side by the value S, we find

"" ? Vssb
S.t S R

Whence, we obtain

.t st - (10.56)

Thus, if the current noise is the main one, the coefficient
k(Ob), applicable to the scheme under consideration, equals

k ('Db)= . (10.57)

From this expression, with consideration of (10.47) and
(10.44), we can also obtain another entry k(O)i:

k( ( S R,+R R
1- (10.57a)

Similarly, for the case of the predominance of thermal
noise, we obtain

or
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s1
k(O) S -" (10.58)

The last expression can be presented in the form of a
dependence on .the parameters of the donnection scheme. For
this, we find the ratio S/Sb from (10.47) and the value SR from
(10.44); then, after substituting them in (10.58), we obtain

k(0),= 1 1 SR2 1  OS (R,+R,)2 1-1 (0.58a)
aR/ uRgR,

Knowing the predominant type of noises inAethe case under /307
consideration, we find the corresponding coefficient k(O) from
formulas (10.57) and (10.57a) or (10.58) and (10.58a). We use
the found values of k(4) in calculating one of the parameters
of the instrument using relations (10.33), (10.34), (10.35), and
(10.36).

If the current and thermal noises are comparable with each
other, then having used relation (10.54), we can calculate a
new value of the threshold flux of the receiver with background
illumination, i.e., the product O = Dtk(D).

Naturally, the value of the background illumination should
be calculated according to relation (10.27) and taken as Sb is
the integral sensitivity of the receiver for the radiation of
the background being considered.

The relations which have been presented are valid as
applicable to the connection scheme presented in Fig. 10.6.
With other schemes for connection, the method of approach to the
determination of k(4) is retained, but the relations will be
somewhat different.

The value of the coefficient k(f) can be determined in the
following manner. In general, we will assume that an instrument
is being considered which assures the scanning of space within
limits of the solid angle wsc by the instantaneous field of view
Wv during time Tk.

The overall number of elements in the scanning zone which
are scanned by the instantaneous field of view will be
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If the angles w do not exceed lsr, in value, then with
sufficient precision, the transition from solid angles to plane
angles with axisymmetrical fields may be accomplished in ac-
cordance with the relation

4

where 2W is the plane angle at the apex of the solid angle in rad.

With uniform distribution of time Tk on the scanning of all
elements of the sweep Ne, one element is scanned during time
Ate, determined from the expression

whence, after the substitution of Ne

(2WsC32 7 (10.59)

The lower limit of the transmission band Af - fj of the
amplifier should assure the passage of the first harmonic and
is determined from the expression

f - (10.60)

The upper limit of the transmission band fu depends on the /308
duration of the pulse received from an element of the sweep and
the degree of conformance of the optical and electrical signals.
The value fu can be calculated using the relation

fu= (10.61))

where kj = 0.5-2 is the coefficient which characterizes the
agreement of the shape of the input and output signals of the
electronic circuit. Substituting in the last expression the
value Ate from (10.59), we obtain
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S W, (10.62)

If the scanning of zone sc, is accomplished by the instan-
taneous field of view wv with some overlap mo, it is equivalent
either to an increase in the scanning zone by this value or to
a reductibn in the instantaneous field of view which is caused
by an increase in the sweep elements in the scanning zone to the
value

N=(l+ ( SC (10.63)
*v

then
W

2

Ate= 7, V2(t + %)WWc . (10.64)

fu(= +W2 
(10.65)

The width of the transmission band will be

Af=flf K or

f=1 and Af'= k1 W - (10.66)
wV V2

In the majority of cases, the one can be disregarded and
then

k 1 W 2  
k w(2+m_ _

TW 2 and f r,2 (10.67)

In instruments with modulation of the radiation flux, the
width of the transmission band is determined by the resonance
characteristic of the filter tuned to the frequency of the first /309
harmonic. The narrower the band Af, the less the noise and the
better the threshold sensitivity.

The coefficient k(Af) is determined from the known width
of the transmission band Af.
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10.4. Calculation of the Range of Action and Threshold Sensi-
tivity with the Observation off an Object on a Nonuniformly
Radiating Background

When'.the background on which an observed object is pro-
jected is not uniform, this is equivalent to the influence of a
fluctuating radiation flux of illumination on the receiver. This
flux can be presented as the sum of two components: the constant
(b and the variable Acb:

-b + Ab (10.68)

The first component causes a worsening of sensitivity, and
the second participates directly in the formation of the
interference signal.

In this case, the mean square value of the interference sig-
nal (noise signal) will be determined by the relation

I 2-b.)' (20. 69)
--i

where i is the mean square of the internal noises of the

receiver with consideration of the effect of constant illumina-

( kb
tion; b S4 T is the mean square value of the external

noise (interfereoce signal caused by fluctuations of background
illumination); Ss is the integral sensitivity of the receiver
with respectto 'emission of a standard source w,ith-the presence of
background illumination; ks and'kb are the coefficients' Of"utiliza-
tion of the receiver with respect'to'emission of a standard source
and background.

Then the threshold flux of the electro,--ptical instrument
with consideration of (10.69) on the basisJodf (4.19) will be
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s~.tsb (10.70)
S

If the components of the internal and external noises are
comparable with each other, the threshold flux of the receiver
is calculated from formula (10.72) and it is used in the
determination of the range of action, threshold sensitivity, or
other characteristics of the instrument.

Carrying the first component from under the radical, we /310
obtain

s.t s b (10.71)S ,;

whence, considering (10.55), we have

= t= sb21+ - (10.72)

where b.t is the threshold flux of the instrument according to
a standard emitter with the presence of constant background
illumination.

In formula (10.72), the multiplier in the form of a radical
considers the worsening of threshold sensitivity due to fluctua-
tions in background radiation. In this, the value of 1bo for

photoemission devices is found from formula (4.75),.

for photomultipliers, from expressions (10.37), and
finally, for photoresistors, from one of the relations

(10.56) or (10.58).

If the components caused by the internal and external
noises are comparable with each other, the threshold flux Ps.t
is calculated from formulas (10.70) and (10.72).

In those cases where the component due to external noise
(second term in radicands) is considerably less than the compo-
nent caused by internal noises, the threshold flux is calculated
by the method which considers only the effect of constant il-
lumination (see Section 10.3).
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If external noises prevail, i.e., the second term in the
radicands of the relations (10.71) or (10.72) are considerably
greater than unity, the value of fluctuations of flux from the
background is taken as the threshold flux.

It is obvious that, in this case, for the dependable dis-
crimination of the useful signal from the fluctuation inter-
ference of the background, it is necessary to attain an excess
of the signal above the interference level such that

(r.eff mbe_

Substitut ng here the values of Dr.eff from (10.10) and
determining AIeff, as

b, bAb=nf ,/ (10.73)

where n is the depth of modulation of the radiation flux from
the background, with consideration of (10.28), we obtain

k= efmB fAen.ap kbn (10.74)

whence we find /311

1k

S -. (10.75)

From this formula, it can be seen that the range of action
of the instrument depends only on the relationship of the fluxes
from the object and",background and does not depend on theLarea
of the instrument's entrance pupil. Therefore, by the value Lb
here we should understand the greatest distance beginning from
which the signal from the object becomes a given number of times
greater than the signals caused by the nonuniformities of the
e.nergy brightness of the background.

The effective value of the flux from the background on the
receiver by analogy with (10.28) is expressed by the relation
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k S b(
)  (X) ro X) s 1)A

where kb"= is the coefficient of

utilization of the receiver for radiation of the background.

The flux from the background, reduced for effectiveness of
influence on the receiver to the radiation of a standard source,
will be

rec k
S

or, with consideration of (10.27), we obtain

Ob. BA kb
(10.7.6)fA P( 10A.7 W6 )

bThe value of (rec calculated from this relationship is
substituted in the formulas which consider the influence of con-
stant illumination on the characteristics of the receiver.

If the observed object is projected on a nonuniformly
radiating background, the threshold flux and sensitivity of the
electro-optical instrument are calculated by formulas (10.33)
(10.34), (10.35), and (10.36), which consider the effect of
constant illumination. In this, we first determine the value of
the constant component of the flux from the background on the
input of the radiation receiver b~rc from which the calculation
of either the coefficient k() or new values of Ot and S are
also conducted. If the fluctuations of flux from the background
have a low-frequency character, consideration of the effect of
background illumination'on the parameters of the equipment is
conducted according to the maximum value of the flux from the
background which falls in the instrument.

With comparatively high-frequency fluctuations of the radia-
tion flux caused by the nonuniformities of the background,
besides the worsening of the sensitivity of the receiver, it is /312
still necessary to consider the interference signals caused by
the heterogeneities of the background.

If the differentials of the radiation flux from the back-
ground cause signals on the output of the instrument-which are
comparable with the noise level, the calculation of the
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threshold sensitivity of the instrument is conducted with
consideration of this interference component.

Thus, in order to obtain an answer about the true range of
action of the instrument which is operating under conditions of
a nonuniform radiating background, it is necessary to find the
relationship between the effective values of the actual threshold

flux of the receiver and the increase in flux from the background,
i.e., between ,s.tk(Af)k(O)ks and Abkb, or to calculate the
range of action from formulas (10.33) and (10.75). In the first
case, if

A(db> Ds}tk(Af)k(M)ks1

then the true range is the range calculated from formula (10.75).
In the calculation of range by expressions (10.33) and (10.75),
the smallest of them is taken as the true range of action.

With the necessityto assure the maximum range of action
limited only by the parameters of the radiation receiver, the
attempt is made to reduce the value of the variable component
of the radiation flux from the background to such a degree that
it becomes less than the threshold flux of the instrument. As is
clear from expression (10.75), this can be achieved only with a
reduction in the dimensions of the instantaneous field of view
of the instrument (if the background fills the entire field of
view). The maximum allowable value of the instantaneous field
of view is found with the joint solution of relations (10.33)
and (10.75)

s! t s
Ai! ob

the first of which determines the maximum range of action.and
the second, the minimum.

Squaring the right sides of the indicated relations and

equating them to each other, we find the maximum allowable value
of the instantaneous field of view, which will equal
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Ae n .b(1- (10.77)

In those cases where Bbkb < Bobkr, expression (10..77) is
simplified somewhat and takes the form

U, . -n.ap4b (10.78)

Inasmuch as coefficient k(¢) depends on the value of the /313
radiation flux from the background which falls on the receiver,
the calculations of the allowable solid angle of the field of
view is conducted in two or three procedures. In the first
procedure, the value of k(0) is taken as equal to 1 and the
first approximation wl is found. Then, with consideration of
this value, we calculate the Value of the radiation'flux of
constant illumination from which either the coefficient k(O)
or a new value of the threshold flux of the receiver under condi-
tions 9f illumination by a constant background, i.e., the pro-
duct sk(M) is determined. After this, we calculate the
refined value of the maximum allowable solid angle of the field
of view of the instrument (second approximation). This value
is extremely close to the true value.

The greatest difficulty is caused by calculating the function

Or.eff = f(W) or, what is the same thing, the functions
Gr.eff = f(w) or Or.eff = f(W). To construct this function, we
calculate several values of Or.eff from formula (10.54) or (10.37)
which correspond to the minimum possible,- maximum, and two
intermediate values of w from which the desired relation is also
constructed.

The graphs of the functions constructed in Fig. 10.7 permit
the extremely simple determination of the range of action of the
instrument. Let us assume that the field-of-vision angle of the
instrument is W1 . For receiver 1, Or.eff <Acbff((l), and for
receiver 2 Or.eff > Abeff(wl). Therefore, the range of action
of the instrument with the use of receiver 1 is limited by the
radiation of the background, the effective value of the flux /314
from which will be a given number of times less on the range L1
from the object. The order in finding this range is shown on
the graph by the dotted line with arrows. Inasmuch as with the
second receiver r.eff > bff (wi), the range of action of the
instrument is determined from the intersection of the graphs of
the functions Oeff = f(L) and Or.eff = f(') and equals Ll'.
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LL LL L If the instantaneous
3 \1 / field of view of the

instrument is W 2 and the
value of the function

i..efff b.eAbff (W 2 ), which corres-
ponds to it, exceeds the

Seffective values of the
r ef@ threshold fluxes

Sreff(W2) of both re-
----------- ceviers, the range of

action of the instrument
is determined by the flux
from the background and

SW3, W, W? '  equals L2 . The order for
finding it on the graph

Fig. 10.7. Nomogram for determining is shown by the solid
the range-.of action and allowable line with the arrows.
size of the instantaneous field of
view of the instrument. Finally, with small

fields of view, for ex-
ample Wv, when Ab.f is

less than the effective values of the threshold fluxes o both
receivers, the range of action depends only on the characteristics
of the receivers. The instruments range of action with the
employment of receivers l:and 2 is found from the intersection
of the function Oeff = f(L) with the function (r.eff " f(0) of both-
receivers. As applicable to the graph which has been presented,
the indicated ranges prove to be equal to L3 and Ll', respectively.

As a result of the relative difficulty in calculating the
range of action and the threshold sensitivity of electro-optical
equipment with consideration of the effect of a constant back-
ground illumination and fluctuations of the background, it is
more convenient sometimes to use the nomogram method for
determining the required parameters of electro-optical.equipment.
The essence of this method consists of the following.

For the selected radiation receiver, we calculate the
relations eff = f(L), Abf = f(w) and .r.eff = f() = f(w)
from formulas (10.10), (l0.4), and (10.54), respectively, and
construct them on the graph (Fig. 10.7). The value of the solid
angle of the field of view which determines the constant back-
ground illumination (fDb and the variable component of the
background illumination A¢beff are laid off on this graph along
the abscissa. The values of the effective quantities of fluxes
from the object, background, and threshold flux of the instrument
are laid off along the ordinate. The distance to the radiation
source is laid off along the second abscissa. Calculationof the
functions Deff = f(L) and A¢ ff = f(w) causes no special
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difficulties, since the first of them expresses the quadratic
dependence on L. For its construction, it is sufficient to cal-
culate one value of Ceff and, changing it proportionally to the
square of the change of value (L/L1 ), construct the desired
function Oeff(L) = Ceff(L1)(L/Ll) 2 .

Inasmuch as the second function A~b. ff w, then calculating
one value of Af0bq which cbrresponds to the solid angle wl, the /315
current value of ~:ff is calculated from the formula

eff(10.79)

If the field of view is given not by the solid angle w but
by a plane angle 2W, then, with consideration of the connection
between these angles with small values of the angles w W2 ,

the current values of Ac0fb are determined from the expression

e f (Wefb (10.80)

With the use of the nomogram which has been considerd, we
can also solve the inverse problem: to determine the maximum
allowable value of the instantaneous field of view of the
instrument with which the required range of action is assured
or the range of action depends only on the parameters of the
receiver.

10.5. Calculation of the Threshold Sensitivity of Instruments
Which Operate with Areal Emitters

The problem of the calculation of threshold sensitivity
arises in the calculation of instruments intended for the
detection of ground objects from their infrared radiation, for
making thermal charts of the terrain, and also in calculating
electro-optical resolvers of the local vertical which operate from
the intrinsic infrared radiation of the earth's surface and the
atmosphere.

In this case, the value of the useful radiation flux on the
input of the instrument without consideration of attenuation by
the medium is calculated by formula (10.27) and for
determination of the effective value of radiation flux on the
radiation receiver, we use the expression
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<D_ =A b 0,) ) bX) s ) do-r.eff enap V e A ) b 1
_____ ~ lr r(10.81)

f ( ).) Te'(.),o _(X) Tb ) d,

where r ) is the utilization co-

0

efficient of radiation by the receiver.

To discriminate the operating signal, it is necessary to
assure the excess of the effective value of operating flux over
the effective threshold flux of the receiver by a given number of
times on the strength of the allowable probability of a false /316
alarm, i.e., it is necessary to satisfy condition (10.13) where

(De k (f)ksr.eff s.t s

Solving equation (10.13) together with (10.27), we obtain
the relation for the calculation of the minimum allowable area
of the entrance pupil of the instrument

enap a B:rkr ! (10.82)

Sometimes, to increase the sensitivity of the instrument,
the necessity arises to obtain operating signals with required
amplitude not with complete but with the partial filling of the
field of view of the instrument. If we designate the coefficient
of filling by mfil (mfil < 1), the new value of the solid angle
with which condition (10.T3) should be satisfied will be

*v----- m fil

and formula (10.82) for the calculation of the minimum allowable
area of the entrance pupil will take the form

A . ,mfv r (10.83)
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Relations (10.82) and (10'..83) are applicable in determining
the parameters of the instrument in the change from nonradiation
to radiating underlying surfaces. Such cases occur, for example,
in resolvers of the local vertical when the scanning instan-
taneous field of view of the instrument crosses the space-earth
surface boundary.

If the problem arises of discriminating more heated sections
of the surface against a background of less heated surfaces,Li.e.,
with the presence of a Constant component, then the calculation
formulas, naturally, should be modified somewhat.

For simplicity of argument, we will assume that at one
moment in time the entire field of view is directed at a less
heated surface, and at another at the more heated surface. Then

S. en.ap Br ,kr,- (10.84)

- .eff .ap r. r

The instrument should assure the generation of a signal
which is caused by the increase in the effective value of the
radiation flux with the transfer from one sector to another, i.e.,
it should discover the increase in radiation flux

raeff r.eff effl=A enpv(Br,k,-Brkri (10.85)

In this, the minimum of these fluxes, in this case Dr.eff, /317
plays the role of constant illumination whose influence is
expressed in the worsening of the threshold flux of the receiver.
With consideration of this worsening, the 'effective value of the
threshold flux of the receiver should be taken by analogy with
(10.23) as equal to

Dr.ef!¢fs.tk(Af)k(rk )" (10.86)

Further, proceeding as in the preceding case, we achieve
satisfaction of the condition

a351.f
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Whence, with consideration of (10.85) and (10..86), we find

A >
enap v (Br.kn - Br.,kr,) (10.87)

We note that the most difficult conditions for the operation
of eauinment of this type are in the detection of small
differentials of energy.brightness .with comparatively high,-
brightness levels.. As an example, let us consider the case'.where
the underlying surface is a gray emitter, in which regard the
coefficients of blackness of two adjacent sectors equal each
other, i.e., E2 = 61 = E"

Then, using relation B= -e , the expression standing

in the parentheses of the denominator of relation (10.87) is
presented in the form

Assuming that T2 = T1 + AT, where AT << Tl, we find

BRrkr,,BrIkr, [(T-L+ATr -T kr"] (10.88)

For the assumption (AT << Tl) accepted with sufficient
precision, it can be considered that

kr, =kr , -k r j

Then, carrying kr out of the parentheses, after simple conversions
ignoring the last terms of the expansion, from (10.88), we obtain

B - r(4r:3+6f ), 1

B rr, B,- Br, rkr ,  kT),

whence
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*a (1+ 3 "1! (I0.89)
B r,,kr,-Br.kr,= kT 2 (10-89)

If we consider that AT does not exceed 0.03T 1 , then ignoring /3
the second term, we have

_Br-Br kr:4= 4 kr=4Brkr- (10.90)

Substituting the obtained value in (10.87), we find

(.f) lO (91)

A - .Brkr4AT T. (10.91)
en5 _Br)k 41T

Formula (10.91) shows that the smaller the recorded tempera-
ture differential, the larger the minimum allowable area of the
entrance aperture.

On the other hand, the higher the temperature of the radia-
ting surface, the greater the value of constant illumination
r1 and the stronger the increase in the threshold flux of the

receiver.

We note that the values of coefficien tk(Af) and k($r 1)
which consider the change in threshold sensitivity of the
receiver which is operating in a specific scheme of connection
and under specific conditions are calculated from the formulas
of Section 10.3.
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CHAPTER 11. CALCULATION OF THE CHARACTERISTICS OF TRANSPARENCY
OF THE ATMOSPHERE

11.1. A Method for Determining the Coefficients of Transparency
of the Atmosphere for Monochromatic and Complex Radiations

In Chapter 2 it was shown that with propagation in the atmos-
phere radiation flux is attenuated both due to scattering on
molecules of gases and particles and due to absorption by various
components of the atmosphere. Inasmuch as radiation flux is atten-
uated selectively, we will determine the transparency of the atmos-
phere for monochromatic radiation.

Since the basic components of the attenuation of radiation
flux in the atmosphere are known (see Section 2.4) on the basis
of (2.13), we can write the following formula for calculating
spectral transparency of the atmosphere

k -

J-(11.1)

where T (scl) and Tsc2(X) are the coefficients of transmission of

a monochromatic radiation flux by the atmosphere with considera-
tion of attenuation due to molecular Tscl(X) and aerosol sc2(X)
scatter; Tt(A)H20 is the coefficient of transmission of a mono- /319

chromatic radiation flux by the atmosphere with consideration of
attenuation due only to the absorption of radiation by water vapor;
t (X)CO 2 and Tt(X)0 3 are the same coefficients but with considera-

tion of attenuation due to absorption by carbon dioxide and ozone,
respectively.

The value of coefficient T sc(X) which determines the Rayleigh

scatter on molecules of gases is calculated by the formula

where 32, 2(n2- 12

3r (11.3)

is the attenuation factor due to scatter; N = 2.91019 cm-3 is
the density of the air with normal pressure, expressed by the
particles in one cm3 ; n = 1.0003 is the refractive index of the air.
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The values of the attenuation factor dscl.A) calculated

from formulas (11.3) and (11.2) for various wavelengths and the

coefficients of transmission of a monochromatic radiation flux

by the atmosphere with different ranges which correspond to them
are presented in Table 11.1.

TABLE 11.1. ATTENUATION FACTORS AND COEFFICIENTS OF
TRANSMISSION OF MONOCHROMATIC RADIATION FLUX BY THE

ATMOSPHERE WITH MOLECULAR SCATTER.

I'Am j 0.35 0.55 0,76 1,0 1,2 3.0 5,0
S (). KM 9.310-312 .310 1.09-10-5.25-10 1.33.10- 1. -

S); L-10 mu 0.45 1 0.89 0.97 0.99 1.0 1.0 1.0

TSC1(.); L-40 cu 0.04 0,4 0865 j 0.95 J 0.99 1.0 1.0

From the table it can be seen that in the visible region of

the spectrum molecular scattering is sufficiently great, reduces
transparency substantially, and should be considered in calcula-
tions. At the same time, losses to molecular scatter in the
infrared region of the spectrum can be ignored since they are
small.

Transmission coefficient Tsc2(X), which considers losses to

aerosol scatter alone, can be calculated from a formula similar

to (11.2)

Tsc 2 () = e-asc2(X)L (11.4)

However, in order to calculate the values of coefficient /320

asc2(X) necessary in this case, it is necessary to know the number,

dimensions, and composition of the substance of the aerosol particle

on which the scattering of the radiation Occurs. Moreover, single
relations for the calculation of values asc2(X) applicable to

various particles do not exist. All this causes great difficulties

and practically excludes the analytical method of determining
transmission coefficients Tsc2(X).

Most accessible is the method of determining the transmission
factor Tsc(X) = [scl( )1sc2(X) (with consideration of total attenua-

tion of radiation due to molecular and aerosol scatter) based on
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Lis •31 the use of data on the meteoro-

S.E V logical range of visibility Lvi s'

A certain connection exists
between T (A) and the meteoro-

C. sc
logical range of visibility Lvi s

which is also extended to the
infrared region of the spectrum.

. 3 m The values of coefficients T (1)

Fig. 11.1. Change in coeffi- depending on Lvis are presented

cient T (X) depending on . in Fig. 11.1. The indicated graphssc
meteorological range of were constructed for the case'

visibility, where the distance L s between the
object and the receiver is 1.85 km
with a thickness of the layer of

precipitated water vapor w = 17 mm. If the real range L differs
from L s = 1.85 km, the value of the transmission coefficient is
determined by recalculation using Bouguer's law

T () (1) = [ (A)L = ()l/1.85] L

sL s (11.5)s (X)11.85
S[t(SC sc

where T (A) is the coefficient of transmission of a monochromaticsc (1)
radiation flux by a layer of the atmosphere L km thick; Tsc (1) is

the coefficient of transmission of a monochromatic flux by a layer

of the atmosphere of unit thickness; Ts c(A) is the value of the

transmission coefficient of a monochromatic radiation flux read

from the graph.

We will show the use of formula (11.5) by an example. Assume
it is required to determine the atmosphere's passage of a mono-

chromatic flux with wavelength X = 1.25 pm with meteorological
range of visibility Lvis = 10.2 km if the distance between the /321
emitter and the receiver is L = 5.5 km.

IBy meteorological range of visibility Lvis, we mean the greatest

range of visibility, during the day, of dark objects with angular
dimensions exceeding 9.10-1 rad..and projecting on the background
of the sky at the horizon.
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For radiation with wavelength X = 1.25 pm with Lvi s = 10.2 km,

from the graph (see Fig. 11.1) we find T sc(X) = 0.6. Next, using

Bouguer's law, we determine the transmission coefficient T()M
Sc

with L = 1 km:
1

r(1)() = s 1/1.85 1.
c () Sc (X = 1.25 m) = 0.6sc so

Inasmuch as T (1) = [T(1) , with L = 5.5 km,sc sc sC
we have

Ts ) = 0.65"5/1.85 = 0.216

The value of the coefficient of transmission of radiation
flux by the atmosphere is affected by the amount of water vapor
in the path of propagation of the radiation. If under real
conditions the thickness of the layer of precipitated water vapor
w differs from ws = 17 mm, with which the graphs are constructed,
this difference is considered with a special factor

T 0 = 0.998- (ws - w) = 0. 9 98 -(17-w)
sc H20

Then the formula for the change from coefficient Ts (X) foundsc
graphically (see Fig. 11.1) to the real coefficient T sc() will
have the appearance

T () = [Ts ()]L/1.85.0. 9 98-(17-w) (11.6)

The coefficients of transmission of a monochromatic radiation flux
by the atmosphere with consideration of attenuation of the radia-
tion due to absorption by water vapor [Tab(X)H20] and carbon

dioxide [TabW)C02] can be determined from Tables 6 and 7 of the

Appendix where the values of the indicated coefficients for various
wavelengths are presented. However, for this in one case it is
necessary to know the effective thickness of the layer of pre-
cipitated water vapor in the path of propagation of the radiation
flux, and in the other -- the thickness of the layer of air reduced
to the ground layer.
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11.2. Calculation of the Quantity of Water Vapor on Horizontal,
Sloping, and Vertical Paths

If the absolute humidity 2 mo at the earth's surface is known,
the overall amount of water vapor in a column of atmosphere with
thickness L and resting on area A can be determined from the
formula

m = m0 A

If all the water vapor located in the column is concentrated, /322
the volume it occupies will be

= moLA

d

where d is the specific density of the water.

Hence, the thickness of the layer of precipitated water

A d

Since the values which go into the formula have different
dimensionalities: m0 (g/m3 ), d (g/cm3 ) and L (km), after their
agreement, we obtain

w = w0L (11.7)

Here w is the thickness of a layer of precipitated water vapor in
mm in a layer of the atmosphere with thickness L; w0 is the specific
thickness of a layer of precipitated water vapor in mm/km numeri-
cally equal to the value of absolute humidity m 0.

In those cases where the absolute humidity is unknown, the
amount of precipitated water can be calculated from the formula

2Absolute humidity m0 is calculated from the formula m0f% 3m0sat 1 , g/m where m0sat is the absolute humidity with air

temperature K; and f is the relative humidity.
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7" (11.8)

where mN is the normal absolute humidity at the earth's surface;
and T is the absolute air temperature.

Relations (11.7) and (11.8) are applicable for the calcula-
tion of the thickness of the layer of precipitated water vapor
on horizontal paths near the ground.

With the necessity to determine the thickness of a layer of
precipitated water vapor on horizontal paths at altitude H above
the earth's surface, the distribution of humidity with altitude
should be considered which, for a standard atmosphere, follows
the law

m=moe-lH, (11.9)

where mN is the absolute humidity at altitude H; B = 0.45 km-I is
a coefficient which characterizes the change in humidity with
altitude.

Sometimes relation (11.9) is presented in the form

mH = m0 .1 0-H/5 (11.9a)

Both these formulas are identical, and are easily converted
one to the other, and can be used absolutely equally in calcula-
tions of absolute humidity aloft.

Considering (11.7), by analogy with (11.9), we write the /323
expression for the thickness of a layer of saturated water vapor
on a horizontal path at altitude H:

wH = w e-BHL (11.10)

Furthermore, we should also consider a reduction in the
absorptivity of water vapor with altitude, which is described by
relation (2.15). Substituting (11.10) in (2.15), we obtain the

formula which determines the effective thickness of a layer of
precipitated water vapor in the path of propagation of radiation
flux on a horizontal path at altitude H above the earth's surface:

eff
359
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or, substituting the value
S= 0.45, we have

weff -0.5154HL (11.11), WH =woe L (1 1.11)

Mo. The effective thick-
1/ ness of precipitated water

z vapor on sloping paths in the
SI atmosphere can be calculated

in the following manner.

Fig. 11.2. For the determination On the basis of (11.11),
of the effective thickness of a the effective thickness of a
layer of absorbing substance in layer of precipitated water
the path of propagation of radia- vapor in an elemental layer of
tion (sloping path). the atmosphere dl (Fig. 11.2)

located at altitude H will be

dweff = w e-0.5154hdi (11.12)WH 0 •i

where h = 1 cos y is the current value of altitude; y is the angle
between the normal to the earth's surface and the direction of
propagation of the radiation.

Then the general effective thickness of the layer of pre-
cipitated water vapor in the atmosphere on a sloping path without
consideration of the curvature of the earth's surface is found by
integrating expression (11.12)

L -0,5151H, e-0.5151H I
eff L=Wo e0551sd -- s - 1

w 0,5154 cos 1 (11.13)

If H1 = 0, then /324

1 - -4H154

weff .cos (11.14)
w 0.5154 cos-f

-0.515
4 H  

-0,
5 15 4

H, -0.5154H,

Cofactors and are sometimes called
0.515.cos 0.5154cos

the range reduced to the surface layer for content of water vapor.

In work [10] it is shown that with consideration of the

curvature of the earth with angles y 5 1.4 rad, the effective
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thickness of a layer of precipitated water vapor can be calculated
from the formula

weff = ee l5.. (1.15)

0, 5 154 cos 7

where

0: , , -" sin y;

k 2 ) oI V_

The values of the effective thickness of the layer of pre-
cipitated water vapor calculated from formulas (11.13) or (11.15)
are initial for determination of the transmission coefficient of
the atmosphere Tt(X)H 2 0 from Table 6 of the Appendix and also for
finding the coefficient T (X).sc

11.3. A Method for Calculating the Mass of Air and Carbon Dioxide
on Horizontal, Sloping, and Vertical Paths

It is known that air pressure changes exponentially with
altitude with the index of the exponent 0.123H, i.e.,

P,:Pe-0.123H' (11.16)

The thickness of a layer of air on horizontal paths, located
at altitude H above the earth's surface and reduced to the surface
layer, with consideration of (11.16), can be calculated by the
formula

Lred = LHe- 0 .12 3 H (11.17)

where LH is the distance at which the propagation of the radiation
flux is examined and Lred is the length of the near-ground hori-

zontal path which, for a mass of air, is equivalent to the length
of path LH at altitude H.

With sloping paths, by analogy with (11.13) and (11.14), the
following formulas can be obtained for the calculation of the length
of the optical path of radiation reduced to the surface layer:
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-- in altitude range from H1 to H2  /32

L - e'1 23H- e (11.18)
red O. .123cos '

-- in altitude range from 0 to H

I - e-4.123H

red 0.123cos

Calculated from formulas (11.17), (11.18), and (11.19), the
thickness of the layer of air in the path of propagation of radia-
tion reduced to the surface layer can be used in the determination
of the values of the transmission coefficient of the atmosphere
with consideration of losses for scatter alone, i.e., of coef-
ficient Tsc ().

With some refinements, the indicated formulas are applicable
for the calculation of transparency of the atmosphere in consider-
ing losses due to absorption by carbon dioxide, i.e. by coefficients

Tt(X)C0 2 . The indicated refinement consists of consideration of
the change in absorbing properties of the carbon dioxide with
altitude which is described by the function

Leff = -0.19H
LH - e

With consideration of this relation, the effective length
of the optical path reduced for absorptivity of carbon dioxide to
the surface layer will be, on the basis of (11.7)

Lred.eff " L/ne-2e-°' s--°s" H , (11.20)

Formula (11.20) is valid for horizontal paths located at
altitude H above the earth's surface.

By analogy with (11.18) and (11.19), with sloping traces the

expressions for the calculation of the effective length of the
optical path, reduced for absorptivity of carbon dioxide to the
surface layer of the atmosphere, will have the form
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-- altitude range from H1 to H2

e-0.313H, e-0.313 H,
L d I (11.21)

red.eff 0,313 cos

-- altitude range from 0 to H

1 - e"- 0313H
I-ee

L (11.22)red.eff 0.313cos -

Relations (11.20), (11.21), and (11.22) permit calculating
the effective length of the optical path of radiation in the
atmosphere reduced for absorptivity of CO to the surface layer.
These values of Lred.eff are initial for determining coefficients

Tt(X)C0 2 from Table 7 of the Appendix.

Thus, the relation obtained provides the opportunity, in the /326
first approximation, of calculating the transparency of the atmos-
phere for monochromatic radiation on horizontal as well as on
sloping and vertical paths. Sometimes, the tables of spectral
coefficients of the transparency of the atmosphere are compiled
depending on the value of the absorbing mass expressed in atm-cm.
The change from distances and thicknesses of attenuating layers to
the absorbing mass is accomplished from formulas of the type

w'= f'Lp0103 (11.23)

where f' is the coefficient which characterizes the content of
absorbing substance in the environment, expressed in percent; L
is the effective length of the optical path in km, and p0 is
the pressure in atmospheres.

Data on the content of various components in the atmosphere
are presented in Chapter 2.
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CHAPTER 12. SELECTION OF RADIATION RECEIVERS AND CALCULATION OF
THEIR CHARACTERISTICS

12.1. A Method for Calculating Spectral Sensitivity and Mono-
chromatic Threshold Flux of Photocelils and Photomultipliers

By analogy with (4.3), the integral sensitivity for the
luminous flux F can be expressed by a relation

1 U
S= (12.1)

In order to change the integral sensitivity which is esti-
mated from the influence of the radiation flux of the same source,
it is necessary to consider the connection between the luminous
flux and the radiation flux which is established by the formula

F= K. (1)1]. (12.2)

Substituting the value F in (12.1), we have

1 U
S = 4Kmsl() ' i (12.3)

whence, with consideration of (4.3), we find

Sl S T- or S = SlK () (12.4)
K (A) or max(X) (12.4)
max

In this expression, K max() = 683 im/W is the maximum sensitivity

of the eye; n is the efficiency of the eye for a given emitter.

Formulas (12.4) establish the connection between the integral /327
sensitivities of the receiver for luminous flux and radiation flux
of the same emitter.

Since spectral sensitivity SX is expressed by the integral
sensitivity in accordance with the equality
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replacing the value S in it with its value from expression (12.4),
we obtain

SS= s .s( ). (12.5)

Here ns is the efficiency of the eye for radiation from a standard
source. This formula permits calculating the spectral sensitivity
of photocells and photomultipliers using reference data. In this
regard, as follows from the formula, it is sufficient to calculate
one value of the function SX with s(A) = 1, and to obtain the
remainder by multiplication of the calculated maximum sensitivity
times the value of the function s(X).

For example, for the photomultiplier FEU-25 (spectral charac-
teristic of the photocathode S-6), the placement in formula (12.5)
of the values: -integral sensitivity of the photocathode S =

3 pA/lm; coefficient ns = 0.0243 and Ks = 0.0158 provides

S;,=35.10 - 6 683.0.0243
o.o30 s (i.)=0,037s(X) A/W

The threshold values of the monochromatic radiation flux can
be calculated from expression (4.22)

Oht 
= Ot s(k

Since on the basis of (12.2) Ft = 0tKmax(X)n,

t = Ft s (12.6)
max() sS

where Ft, k is the threshold luminous flux and utilization coef-
ficient of Ehe receiver for a standard emitter.

Relation (12.6) provides the opportunity to determine the
monochromatic threshold fluxes of the photocells and photomulti-
pliers, and the variable value here is only the function s(X).
Therefore, to obtain the spectral distribution of the threshold
sensitivity, it is sufficient to calculate OXt with s(X) = 1,

i.e., the minimum monochromatic threshold flux. Then, calculating /328
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Ckt minthe values s(t) , we find the desired distribution of threshold

radiation flux for the spectrum.

12.2. Calculation of the Characteristics of Radiation Receivers

The values of integral sensitivity and threshold flux pre-
sented in certificates and reference books are measured from the
effect of luminous flux or radiation flux of a standard radia-
tion source.

Under real conditions, the functions of the spectral density
of the radiation flux of emitters 4, (A) in accordance with which

the instrument operates can be distinguished from the similar
function 4,s(A) of a standard source. In such cases, to evaluate

the possibilities of employing a given receiver for operation with
real emitters, the recalculation of its characteristics is performed.

In order to establish the connection between the characteris-
tics and the receiver for real and standard emitters, let us use
some of the relations from Section 4.2. On the basis of (4.7) and
considering (4.9), we write the expressions which determine the
integral sensitivities of the receiver for standard Ss and real
Sr emitters:

0S o " =_S;m.ak (12.7)

Sr=S ;, . 0 - -st-malkr,

Sr) (12.8)0

where SAmax is the maximum spectral sensitivity of the receiver;

ks and kr are the utilization coefficients of the receiver for
standard and real emitters, respectively.

Coefficients ks and k in general are not equal to each other
since they are calculated for emitters with different 4 (X). At
the same time, SXmax , being a characteristic of the receiver

itself, does not depend on the parameters of the emitter. There-
fore, in (12.7) and (12.8), Skmax is the same.
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Expressing SXma x from (12.7) and placing its value in (12.8),
we obtain

kr
Sr = S kr (12.9)

If the integral sensitivity of the receiver for the standard /329
source was measured in accordance with the influence of the
luminous flux, then keeping in mind (12.4) from (12.9) we will
have

Sr = SK max(X)n kr (12.10)

where K max() = 683 im/W; ns is the efficiency of the eye utiliza-

tion coefficient for a standard source.

If it is necessary to determine the integral sensitivity of
a receiver to .the luminous flux of a real emitter, we proceed
in the following manner.

On the basis of formula (12.4), which connects the integral
sensitivities S and Sl of the receiver, it is necessary to write
these expressions as applicable to a standard and real emitter:

Ss = S 1 Kmax s (12.11)

Sr = SrKmax (X)r (12.12)

Solving (12.11) relative to K max() and substituting themax
value obtained in (12.12), we find

S n S Tr r 1 r 1 s
S= - S  or S -S (12.13)r ls s r S s rS s r

Since, on the basis of (12.9) Sr/S s = k /ks, from (12.7) we

finally obtain

1 1 krs
S 1 S ks (12.14)r s k sr

This formula permits calculating the integral sensitivity
of the receiver for the luminous flux of an actual emitter if we
know the value S1.

s
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To establish the connection between threshold fluxes of the
receiver for standard and real emitters, we use the relation (4.21)
and, on its basis, we write the expression which determines 1s.t.
and P

r.t.

_ m (12.15)s.t. S s

/-2

_ n (12.16)r.t. S
r

Since -~ is the same in both formulas, the joint solution of /330
equations (12.15) and (12.16) provides

S

r.t. s.t. Sr

whence, with consideration of (12.9), we find

k
7 = ) ks (12.17)r.t. s.t. kr

If the threshold flux of the receiver is evaluated from the
effect of luminous radiation of a standard source, then to obtain
the desired relation it is sufficient to place in formula (12.17)
instead of 0s.t. its value from (1.34), then

r.t..t. k (12.18)
max s r

In calculating the threshold flux for luminous radiation of
a real source we find the relation necessary in this case by
placing in (12.17) the values of the threshold fluxes 0r.t. and

Ss.t., expressed by the lumonous threshold fluxes:S t.

F F
r.t. s.t.

r.t. K max()n r  and s.t. K (max()max r max s

Whence we obtain

s rF F (12.19)
r.t. s.t. kr s

Thus, the threshold flux of the receiver for a real emitter
can be calculated on the basis of data on the threshold flux for
a standard source by one of the formulas (12.17), (12.18), or
(12.19).
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The specific conditions for the use of a radiation receiver
in an instrument for a specific purpose are made up of the addi-
tional restrictions which it is necessary to consider. Such
restrictions include the type and frequency of modulation of the
radiation flux, the width of the transmission band of the ampli-
fier, and others. Their influence is felt especially on the
characteristics of the photoresistors and bolometers. The modu-
lation frequency affects the integral sensitivity of the photo-
resistor as a result of its rather significant inertia. This
effect is manifested as a reduction in the integral sensitivity
Sf with an increase in the frequency modulation of f and is
described by the relations

-- with sinusoidal modulation

S = so
SI+(2-tfr)2 (12.20)

-- with a square shape of pulses of radiation flux

1--e
S-= So (12.21)

1+e

where SO is the integral sensitivity of the receiver with modula- /331
tion frequencies close to f = 0. T is the time constant of the
receiver.

Therefore, in designing an instrument, we strive to select
the modulation frequencies so that they do not have a significant
effect on the reduction of integral sensitivity. Such a con-
dition is satisfied by the maximum permissible modulation fre-
quencies determined as

3-r (12.22)

However, in a number of cases, condition (12.16) cannot be
satisfied and this leads not only to a reduction in the integral
sensitivity but also to a worsening of the threshold flux of
the receiver and the instrument as a whole.

In Section 4.4, it was shown that with low modulation fre-
quencies, the effect of current noises is manifested especially
strongly. In order to consider their effect with a change in
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modulation frequency, we refine formula (4.93) with consideration
of (4.88):

,- ,_ __ O r (12.23)

We write the expression for threshold flux with frequency of
sinusoidal modulation fM:

t' = V1 + ~(2aft ?. (.12.24)

If the frequency of modulation of the radiation current is
such that the current noise is predominant and the remaining com-
ponents can be disregarded, relation (4.18o) takes the form

/=_ r t - (12.25)
t/ So ,,

Inasmuch as -t- j = ,.

then

(D 1_(2ni.)..

(12.26)

If the basic type of noise is thermal, then

t f '° /1- (2 nf r " (12.27)

In order to determine the threshold flux of the receiver with
connection to the input of an amplifier with band transmission

f2 - fl, it is necessary to calculate coefficient k(Af) according /332
to the previously presented formulas and multiply the right sides
of expressions (12.24), (12.26), and (12.27) by it.
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12.3. Quantum Effectiveness and Quantum Threshold Sensitivity
and a Method for Their Calculation

When the source of radiation is a monochromatic emitter, for
example a laser, such characteristics as quantum effectiveness,
quantum threshold sensitivity, and their distribution over the
spectrum are usually used.

Quantum effectiveness q is calculated from the formula

N
q u.pe (12.28)

q = N
qu

where N is the number of quanta actively absorbed by the sensi-qu.pe
tive layer; Nqu is the overall number of quanta.

Inasmuch as one quantum of radiation can dislodge only one
photoelectron, quantum effectiveness can be characterized as the
relation of the number of dislodged primary photoelectrons Npe
to the overall number of quanta which have fallen on the sensitive
layer

N
q pe or q -

Nqu qu

where Lqu = N qu/Npe is the number of quanta per photoelectron on

the average.

A relation exists between the number of photoelectrons dis-
lodged from the sensitive layer of the receiver in a unit of time
and the arising photocurrent I

N - (12.29)
pe e

Here e = 1.6"10 - 1 9 C is the electron charge.

On the other hand, the monochromatic radiation flux d4 and
the number of radiation quanta corresponding to it are connected
to each other by the equality

N A= (12.30)qu hv hc XAt

where H = 6.6252.10- 3 4 J*c is Planck's constant; v is the fre-
quency of electromagnetic oscillations of a given monochromatic
radiation; c = 3.1010 cm-c- 1 is the rate of propagation of
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electromagnetic oscillations in a vacuum; X is the wavelength of
monochromatic radiation in cm; At is the time interval during /333
which the radiation flux acts.

On the basis of (12.28), with consideration of (12.29) and
(12.30), the quantum effectiveness of a receiver for a mono-
chromatic radiation flux will be

I Ac
S I (12.31)

I he
Since Sx, q e=Sx -- • (12.32)

Substituting the numerical values of constants h, c and e here,
we obtain

q1.242 10
S- (12.33)

where X is measured in cm. If the wavelength is measured in pm,
formula (12.33) takes the form

.1.242
q=S (12.34)

Replacing SX in this expression by its value from (4.15)
and (12.5), we find

q,=S 1242 (12.35)

=_ Kmax () S 1.242
qS A sQ() " (12.36)

Formulas (12.35) and (12.36) provide the opportunity to cal-
culate the monochromatic quantum effectiveness of the receiver
from the known integral sensitivities S and S1 measured from the
influence of radiation flux and luminous flux, respectively.
Coefficients k and n are calculated for the radiation of the same
source.

The expressions which determine the monochromatic quantum
effectiveness of the receiver on the wavelength of maximum sensi-
tivity, i.e., with s(X) = 1, can be presented in the form
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S .242 (12.37)
k 'ma

and S1
adma Kma() 1.242

mk Ia (12.38)

In order to find the distribution of the function qx through
the spectrum through the value qXmax we take their relation. Then,

from (12.35) and (12.37) or (12.36) and (12.38), we obtain

0a= q s(X),

whence " /334
max s ().

(12.39)

This relation shows that the spectral distribution of the
quantum effectiveness is determined not only by the function of
relative spectral sensitivity but also by the position of the
section of the spectrum being considered on the wave scale.

The quantum threshold sensitivity can be found from expres-
sion (12.30)

NXt XtXAt (12.40)
Nt -thc

Substituting the values of the constants h and c here, we
obtain

NXt = 5.03.1018 XtxAt (12.41)

From this expression, with consideration of (4.22) and (12.6), we
find the expression for the calculation of monochromatic quantum
threshold sensitivity for the standard threshold radiation flux
or luminous flux:

N = 5.03-1018s.t. (12.42)
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18.. k sNht = 5.03.10 Fs.t. Kmax )n s() XAt (12.43)max, s

The quantum threshold sensitivity on the wavelength of maximum
sensitivity, i.e., with s(X) = 1, will be

Nthmax = 5.0310 18s.t.kmaxAt

or k
Nt = 5.03-1018 P A xAt (12.45)
t ma x  s.t. Km(ax)

max s

If we take the ratio of relationships (12.42) and (12.44),
then

N() Nt - or NXt = NtmaxN()X (12.46)
Ntmax max max

12.4. A Method for Calculating Quantum Effectiveness from the
Integral Radiation of a Source

The quantum effectiveness of a receiver for complex radia-
tion,similar to integral sensitivity, characterizes the total
reaction of the receiver to radiations of all wavelengths expressed
by the ratio of the numb.er. of photoelectrons which arise to the
overall number of actuating quanta.

To obtain the desired ratio, we will proceed on the prin-.. /335
ciple of superposition, i.e., determine the number of photoelec-
trons which arise on each wavelength, sum them, and refer them
to the overall number of actuating radiation quanta.

The number of radiation quanta in a monochromatic radiation
flux is determined by the expression

hv hc (12.47)

since 4 =6(')di and V=Ck-1

If the quantum effectiveness of the receiver is described by
function qX, the number of photoelectrons which arise under the
influence of quanta of complex radiation is found as the integral
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Npe= Nxq1  (12.48)

The function qX can be presented in the form

q.i==qmaq) (12.49)

where q(A) = qX/qXmax is the quantum effectiveness on wavelength

X as compared to the maximum.

Since on the basis of (12.37)

S - 1.242 S 1.242
A 'ma r a ,aqA== -(A). (12.50)

then qP()=-ma s(A).

Placing the values for q(A) and NX in (12.48), from (12.47) we have

N = qara 6(X)s()dL
0 h)s d.i (12.51)

Considering that O(s(X)dkdK , we obtain

Npe qx hc " (12.52)

The last expression provides the opportunity to calculate the
number of photoelectrons which arise in a unit of time under the
influence of a radiation flux from the known quantum effective-
ness on the wavelength of maximum sensitivity.

Sometimes N and q are determined in a different way. The
number of photoelectrons in a unit of time is calculated by /336
formula (12.29) written in the form

N -
pe e
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We also come to this expression in the case where we place
in (12.52) qXmax from (12.50) and the values h and c.

The overall number of quanta N in complex radiation will be

S . hc (12.53)
0 0

If the emitter is an IBB,~ r()= r)A; r(X) C,4-(e _l)-1

then

N A C. S dX.hc k 5 C ,
0 _a-_) ' (12.54)

C2 CTaking the designations: Fq~, IT -- ; ~- 2 dq , from (12 .54)
we obtain: qT q2 T

N= A C- TS q2 dq.
hc C e -  (12.55)

0

Since an integral of the form

q dq= '(n 1) t nl ,4 -1 in+ t+1
0 t-1 -i/

where t = 1, 2, 3, ... is the- natural series of numbers., then

O d1 1 1 2 1. -)= 2,4041./

37 e6 1 2
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Then

N=2,4041 A C P.
he C3

c- (12.56)

We rewrite (12.56) in a somewhat different form

N= 2.4041 6.4A 1 CC 2 TT
6.455 hc T

= A C T46.455 C2 2.4041

C4 The 6.455

Whence, considering (1.21), (1.6) and (1.20) /337

6.455 S T ;

C, heIC 2 - hC AzT=O,

we obtain

N==0.3724
(12.57)

where k is Boltzmann's constant; T, the temperature of the emitter.

Knowing Npe and N, we find the integral quantum effectiveness

of the receiver from the expression

9= : - - = 2.32ST- 10-N e 0.3724 2ST. (12.58)

If we express q by q max then substituting Npe in (12.58)

from (12.52), after conversions we obtain

q= 1.87q;.,aRkTh=a.' (12.59)

Relations (12.58) and (12.59) provide the opportunity to
calculate the integral quantum effectiveness of the receiver for
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Complex radiation, the spectral distribution of which follows
Planck's law. If the function of spectral density of radiation
flux does not follow Planck's law, the integral quantum effect-
iveness should be calculated from the formulas

Ok

N= pe q mal h max qXmaz 1kimax (12.60)
N 0 --

0
"pec __ __ ___

Ssh - 1,242-10-'4  S

(12.61)

The formulas derived provide the opportunity of changing from
integral quantum effectiveness for one emitter to quantum effect-
iveness for another emitter. Using relation (12.59), we write
the expression for q as applicable to a standard and real emitters

qe = 1.87qimaxksTs ma x
(12.62)

qr = 1.8 7qXmaxkr T max

and, solving them jointly, we find /338

kr Tr
qr = qs k T (12.63)

s s

If a real emitter is not gray, then using one of the formulas
(12.61), we write the equations

qs= 1.242*10 - 4 AsksXmax
= I s (f)XdA max

qrk rmax (12.64)

q = 1.242*10-4 r m()Ad qmax

after the joint solution of which we obtain

kr s (;)d , - k 4-
q= q s k s T (12.65)r s s k s C)ci

S78
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Expressions (12.63) and (12.65) provide the opportunity to
calculate the quantum effectiveness for a real emitter if the
quantum effectiveness of the receiver for a standard emitter is
known.

And finally, the equivalent threshold flux 4t of the receiver
is the quantum integral threshold sensitivity for the radiation of
an IBB Nt, the expression for which can be obtained from (12.57)

Nt = 0.3 7 24 - (12.66)
t kT

Writing it down as applicable to the radiation of standard
and real emitters and solving these relations jointly, we find

k T
N = N ss (12.67)r.t. s.t. kr T

12.5. Selection of the Optimum Radiation Receiver

For the correct selection of a radiation receiver, it is
necessary to know the purpose and operating principle of the
equipment, where the receiver should be used, the conditions for
the operation of the equipment, duration of operation, and also
the radiation characteristics of the objects and the background.

It is known that higher sensitivity is possessed by cooled
radiation receivers. Therefore, their use in equipment permits
improving its tactical and technical characteristics considerably./339
However, the employment of such receivers in actual models of
electro.optical equipment. is'.connected.with .great difficulties
This problem is solved most simply in those cases where the
instrument is intended for operation during a short period of time
from fractions of an hour to several hours and the moment of the
start of operation. is known ahead of time. Then receivers cooled
with dry ice, liquid air, liquid nitrogen, and so forth can be
used with success. In instruments and devices intended for pro-
longed continuous operation, the use of cooled receivers is
possible only with the presence of cooling devices which assure
prolonged operation.

Thus, a preliminary evaluation of the conditions and dura-
tion of operation of the instrument as well as of the charac-
teristics of the cooling devices permits drawing a conclusion
about the possibility or impossibility of using a cooled radia-
tion receiver.

To substantiate the type and selection of a specific model
of receiver, an analysis of their parameters is conducted on the
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basis of the characteristics of radiation of the objects on which
the equipment should operate and of the background. In this,
an attempt is made to see that, along with assuring the required
range of action, the correlation between the useful signals and
the interference signal is the greatest.

Therefore, despite the fact that operating conditions may
differ, i.e., an object is projected on a non-radiating background
or an object is projected on a uniform radiating background, or
an object is projected on a nonuniform radiating background, the
approach to the substantiation of the receiver being employed
remains constant in all cases. Its basis is formed by the com-
parison of the useful signal with the interference signal or
values equivalent to them. It is convenient to use the values
of effective radiant fluxes which cause the indicated signals as
such values. The difference in the substantiation of the receivers
being employed depending on the situation will be determined
only by the nature of the interference.

In the simplest case, when background radiation is absent
and the sensitivity of the instrument is limited only by internal
noise, substantiation of the receiver being employed is conducted
on the basis of a comparison of the effective values of the radiant
flux from the object and the threshold of the receiver expressed
by the relations

Dr.eff = rkr

t.eff s.t.ks

The evaluation of the receivers is conducted as applicable to
some specific instrument in which the width of the transmission
band is the same for all possible receivers. Therefore, the
receiver which is characterized by the maximum value of the rela- /340
tion

B r.eff _rkr
j

B .eff - r jk j (12.68)
j 0t.eff 0s.t jks

should be considered best.

Inasmuch as the value Or is the same for all receivers, nor-
malizing the value B* in accordance with it we obtain a rather
simple and convenien evaluation criterion

B. kj
= -tjks (12.69)

380 r 0s.t k
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This criterion characterizes the sensitivity of the instru-

ment. The greater its value, the better. Therefore, from a group

of preliminary selected receivers, the best are considered to be

the receivers which are characterized by the largest values of

the criterion b.. It is not difficult to show that criterion b

is the detectin capability of the receiver for a real emitter.

Actually, since

k

r.t. s.t. k

from (12.69) we have

b 1 D*
r.t. r

In expressions (12.68) and (12.69), we mean by krj the coef-

ficient of utilization of the radiation flux by the in trument as

a whole with consideration of the effect of the environment, i.e.,

• € () s (k) To () )o X) A

With the presence of a uniform or nonuniform radiating back-

ground in the instrument field of view, it is necessary to evaluate

the receivers for their sensitivity to the radiation of the back-

ground. It is completely obvious that from this point of view the

best will be the receivers which are least susceptible to the back-

ground. To evaluate the sensitivity of the receivers being com-

pared to background radiation, we use the values of effective flux

from the background and the value of effective threshold flux:

Db.eff = bkb

4t.eff =  e.tks

Taking the ratio of the values of effective -fluxes, we /3 41

obtain

a .eff bkbja b.eff (12.70)
J Dt.eff j  Os.tjksj (12.70)

Inasmuch as the radiation flux from the background Ob which

is caught by the instrument is determined only by the parameters of
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the instrument, does not depend on the instrument, and is the same
for all receivers, normalizing coefficients a! for the value 'b
we obtain

a! kj
a. = -  b (12.71)
j 0b Cs.tJks

We call coefficient a the criterion of susceptibility of
receivers to the background radiation. The best with regard to
perception of background radiation will be that receiver whose
value of criterion a is the smallest.

If the background is nonuniform and its fluctuations may cause
signals on the output of the instrument which are similar to sig-
nals from the objective, in selecting the receiver we can use one
more criterion obtained on the basis of the first two. From the
considerations which have been presented, it follows that the best
for employment in the instrument is that receiver which is char-
acterized by the largest value of one criterion and the smallest
of the other. If, in a group which has been taken ahead of time
for evaluation, the receiver is found whose criterion b has the
greatest value in comparison with the others, and criterion a has
the least, preference should be given to this very receiver. How-
ever, such agreements are not often encountered. Therefore, we
should consider as best the receiver which is characterized by the
greatest value of the ratio of criteria b and a, i.e.,

c. bj (12.72)
3 a.

Substituting the values b and a in this expression, from (12.69)
and (12.71) we have

c (12.73)
j ijjsjkbj kbj

The expression found for criterion c shows that the best one
is the receiver which provides the greatest difference in sus-

ceptibility of radiation fluxes from the object and the background.
Sometimes, the selection of the receiver is accomplished from the
greatest values of the criteria b and c simultaneously.

When the radiation background along with the creation of

interference signals causes an increase in the intrinsic noises

and a worsening of sensitivity in addition, the substantiation
of the rational radiation receiver should be accomplished from
the maximum signal-interference ratio.
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With the presence of constant background illuminations, the /342
basic and practically only criterion for the selection of a
receiver is the first of the criteria examined above. The only
difference is that the effective value of the threshold flux
should be determined from expression (10.70)

4 m D(1)k k( )Ct.eff = (ksk()

With consideration of this, the expression for the desired criterion
takes the form

B. = r.eff r r (12.74)
j (1) ()k k(Q)

t.eff s.t s

After normalization of criterion Bj for value or, we obtain

b. kr (12.75)
(D (1)k k(D)
s.t s

Thus, with the influence of constant background illuminations,
we should consider as best the receiver with the greatest values
of criterion bj with a fixed value of constant illumination.

Inasmuch as the value of coefficient k(¢) depends on the area
of the entrance pupil of the objective as well as on the size of
the angle of the instantaneous field of view, the evaluation of
receivers for criterion b is best conducted with the use of graphs
which have been normalizet for A p but depend on wv.

Thus, for photoelectric radiation receivers with an photo-
emission value k(.) can be -presented- in the following manner:

./ 1+ S , k
Ik()= T =

where 0b = BbAen.ap0 v

then

kD S ma BbAen. dwvkb

(12.76)
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With the influence of constant illumination as applicable to

photomultipliers and photocells, the expressions for criterion
bj will be

s( 4Aen.apowvkb
S.tk + I r (12.77)

or -k - /343
bj

1+min I+ S )maxbAen. apOvkb
1, (12.77a)

If the background signal is considerably greater than the
dark current, i.e., the second term of the radicand is greater
than unity,

h= _________

S 4("k Smax BbAen. apowvkb (12.78)
s.t s IT,

or b

bj=-

|/n S'maxBbAen. ap-Owkb
Gi I e I (12.78a)

If the background is nonuniform and the fluctuations of its
radiation can cause false signals, then from the group of receivers
which possess the greatest values of criterion bj we select the
receivers with the least susceptibility to background radiation.

As was indicated earlier, such receivers are receivers whose
value of criterion cj = krj/kbj will be the least.

As applicable to photoelectric receivers with an photo-
.conduction, -J;te.-method,: .oTl-se.l-e4.et-i.ng- the- apti.mum- -receiver with
different .background..si.tuations .remains the same .for photocells
and photomult.ipli.ers -with the. on:ly difference that c'oefficients
k(A) -,for them should be calculated from the formulas of'Section 10.3.
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The considerations presented are valid when the lag of the
receivers has practically no influence on the amplitude of the
Signals. When the duration of the influence of a radiant flux
from an object on a receiver is comparable with the time con-
stant or becomes less than it, the criteria for the evaluation
of receivers need refinement.

The effect of the time constant on the amplitude of a signal
can be considered as the corresponding reduction in the value of
radiant flux from an object to the radiation receiver. In this
connection, this reduction is determined by the relationship of
the time constant and time of influence of the radiant flux from
the object to the receiver. When the radiation receiver is a
sluggish element, which is valid in the majority of cases, the
indicated reduction can be considered by introducing a factor
which characterizes the change in the output signal depending on
the duration of the pulse. Then

t = (1 - e- t/T) (12.79)r r

where t is the duration of the radiation pulse which acts on /344
the receiver; T is the time constant of the receiver.

Consequently, with a given duration t of the radiation pulses,
we need to take as the effective value of the radition flux from
the object

t t rt( (I (12.80)
r.eff r.eff( -e)=rk1-e (12.80)

If the real flux from an object which falls on the receiver
is considered constant, which actually occurs, the effect of the
lag of the receiver is best considered through the worsening of
threshold sensitivity, i.e., through an increase in the value of
the threshold flux

L .r (12.81)
1-e-

Any of these ways for considering the effect of lag leads to
the same result and the criteria which have been considered take
the form:
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-- in the absence of background

bj== kj G-e (12.82)

s. t

a0 . i- (12.83)
-s. ls

-- with the presence of uniform background

bj= t(..k. ) (12.84)

-- with a nonuniform background

bj=--

) (12.85)

kb -

The method described is also applicable when special optical /345
filters are used in aggregate with the receiver to change the
signal/background ratio. The only difference in this case consists
of finding the utilization coefficients of the receivers for the
radiation of real sources which should be calculated from the
formula

kr-- (12.86)
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where Tb(X) is the spectral transparency of the filter.

Thus, if the receivers and the characteristics of the
spectral transmission of the optical filters are known, the
optimum combination can be found which permits either assuring
maximum range of action or the greatest sensitivity or the
smallest dimensions of the entrance pupil.
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CHAPTER 13. SPECIAL FEATURES OF CALCULATING ELECTRO-OPTICAL
INSTRUMENTS. WITH LASERS

13.1. Special Feature's in Calculating Operating Range in the
.bsence of Background Radiation

The range of action of an e lectro-opti.cal'instrument with a
laser, for example, a locator, is one of its basic parameters.
Naturally, it depends both on the characteristics of the re-
ceiver and transmitter and the condition of the medium,
between the object and the locator and.on the characteristics of
the object itself and the background on which.it is projected.
The use of a laser as an emitter in electro-optical .locators
expands their possibilities substantially and, at the same time,
leads to the appearance of changes in the circuits of the
instruments and causes a number of distinguishing features in
the computation method. These features are determined primarily
by the high directivity and monochromatic quality of the radia-
tion of the laser. Let us examine their effect on the method
of calculating the range of action of the instruments (Fig.
13.1).

If the laser of a transmitter emits flux €laser which falls
entirely in the transmitting optical system, the radiation
intensity of the transmitter in space, in accordance with (9,;,30),
will be

(13.1)

where Tt is the transmission coefficient of laser radiation by
the transmitter's optical system; et is the plane angle of
the apex of the solid angle wt of divergence of the transmitter
beam.

The irradiance, created..,on the:.object .can-be. determined from
the formula

It  ¢laserTt
Eob 2 tL2 e cos (13.2)

where Te is the coefficient of transmission of laser radiation for
the medium; B::is th-:angler between'.the direction..of. the beam
and the normal to the irradiated surface.
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Transmitter

Laer Te

en

Receiver L -

Fig. 13.1. For derivation of the equation of the
range of action of an eletctro-optical
locator.,

After reflection from the object, some fraction of the laser
radiation again returns to the locator. Only that portion of
the reflected radiation falls on the locator's receiver which
is propagated within the limits of theso6.lidaiglelaised on the
entran cepaupil .

The problem of determining the value of the reflected com-
ponent at the entrance to the receiver is solved most simply
in the case where the object is a plane surface.

If this surface reflects diffusely with coefficient Pd, the
intensity of the reflected radiation in the direction to the
locator will be

0 -E.4bacos 9,
(13.3)

whence, with consideration of (13.2), we have

ab 2-  ~(13.4)

The product

.. eff

(13.5)

is called the effective area of reflecting surface and we rewrite /347
equation (13.4) in the form
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eff.
b= rM6Ab-

awttL 2  (13.6)

Inasmuch as only that part of the reflected radiation falls
on the receiver of the locator which is propagated within the
limits of the solid angle based on an objective with area
Aen.ap, the radiation flux of the transmitter on the entrance
pupil of the receiver can be calculated by the formula

l A enA Te '!ec= L2 en. ap (13.7)

where Te is the coefficient which considers attenuation of the
radiation with reverse propagation.

Considering the attenuation of the laser radiation by the
optical system and filter of the receiver with coefficients
TO and Tf, we find the value of the flux which reached the re-
ceiver

whence, in accordance with equations (13.7) and (13.4), we have

SLed.... ,Lit -ti e (13.8)

Formula (13.8) shows that the laser radiation.of the
transmitter, reflected by the object and reaching the receiver,
is attenuated in proportion to the fourth power of the distance
between the object and the locator. The formula is valid in
those cases where the angle of divergence of the locator beam
exceeds the angular dimension of the object.

If the angle of divergence of the beam does not exceed the
angular dimensions of the object, the reflected radiation will
arrive at the receiver not from the entire surface of the object
but only from its irradiated part, whose area is determined by
the expression
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then

ob Qdcos2 = L2Ldcos0P.1

feff O

Substituting the obtained value Aeb in formula (13.8),
we find

Aenap T T2 T T (13.9)'rec = €laser 2  te 0 f (13.9)

This expression is a particular case of a more general relation /348

(13.8) which we will also use in the future.

For the dependable discrimination of the useful signal, it
is necessary that the value Grec exceed by m times the value of
the threshold flux of the radiation receiver with a given width
of transmission band of the electron channel

c -',t (13.10)

where m is the required signal/noise ratio; 1) is the mono-
chromatic threshold flux of the receiver with Xransmission band
Af = 1; k(Af) is the coefficient which considers the worsening
of the threshold flux with transmission band Af > 1 Hz.

Solving equations (13.8) and (13.10) with respect to L,
we obtain the formula for the calculation of the range of action
of the locator

. :k(,&f) 4 "W (13.11)

If the reflecting surface of the object is not flat, formula
(13.11), remaining just as written, in essence is transformed
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somewhat due to the change in value Aobe. We will show this
using as an example an object having a spherical shape.

For it, the mirror and diffuse components of the intensity
of reflected radiation are determined by relations (9.34) and
(9.39), and the total radiation flux which falls in the instru-
ment after reflection from the object by expression (9.42).
Then, by analogy with (13.8), on the basis of (9.42) with con-
sideration of (13.1), we write the formula for calculation of
the amount of radiation flux which reached the radiation receiver
after reflection from the object with a spherical form

Ste alp (- 1 (13.12)
rec 62nL4 -4 3 L

The joint solution of equations (13.10) and (13.12) leads
to the formula for the range of action of an instrument which
has the appearance

lase ln'apo t ef
--- iA '(Af) (13.13)

(1)
In this, QDt is calculated from the formulas presented in

Chapter 12. In particular, for PM from formula (12.6) we ob-
tain the relation

F(1)- ks - ks 5e__ /

t s.t -Kaz() S s(.) Kmax z) ZSO -') VS-PM,/ (13.14)

where I is the current strength.

The value of coefficient k(Af) as applicable to a PM is cal- /349
culated from the formula k(Af) = /fT, where Af is the required
width -of the transmission band, 'which can be determined from
formula (i0;69)

Placing it all in expression (13.13), we obtain the formula
for calculating the range of action of a locator without consider-
ation of background illumination
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wheie Tk is the time for scanning a frame (pulse duration);
¢) is the monochromatic threshold flux of a radiation receiver

with a single amplifier transmission band; et is the angle of
divergence of the transmitter beam; esc is the scanning angle;

kf is the coefficient which considers the shape of the pulse;

mo is the coefficient of overlap of space in scanning.

Formula (13.15) permits calculating the range of action of
a locator without consideration of the effect of illumination
from the background. The coefficients ks and ns for various
photocathodes of the PM which are necessary in this case are
presented in Table 13.1.

TABLE 13.1

_ IValue of coefficient k for various spectral
tenr . characteristics of photocathodes

Scinstalled Ionthe objects. I With their use see Chapter 9), the

St n 0.0243 9.208 0.0178 0.0188 0.0416 0.0439 0.0158 0.0473 0.0176 0.0172 0.0416 0.0330 0,0114

Sola 10 427  0.427 0.193 0,300 0.334 0,325 [0. 10,380 10.243 0.274 n0.32 3 0.2401

Sometimes, to increase the range-of action of instruments,
special corner reflectors ( "tail light" reflectors) are
installed on the objects. With their use (see Chapter 9), the
radiation flux on the input of the receiver can be found from
formula (9.52).

16.laserAreflAen.apPrbeflTO.Tt
rec =  108 cos 8

L4a262 +0 ,05n)
t\ dcos O .

From this relation, considering (13.10).and substituting /350

instead of k(Af) its value from (10.67) k(Af)=l/-flf-- k1iLmi
we find av V r 1
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/16q1aserAreflAen.apT'tTTOTf cos /7Tk 10/

I m( s +I (13.16)
mr e -de S cos P +0.05 (I ki + m.

The obtained formula permits calculating the range of
action of an electro-bptical locator against an object equipped
with a unit of corner reflectors. The values which make up the
formula are inserted in the following dimensions:

Olaser -- W; Arefl and Aen.ap -- m 2 ; (1) -- WHz

k(Af) = /f -- Hz /2; et , esc -- rad; X -- pm; d -- cm;

n -- seconds of arc; kt, mo, m, Prefl, O, T e, Tf,

Tt -- dimensionless.

Let us examine the employment of formula (13.16) using the
following example. Assume that a gas laser (He-Ne) which operates
in a continuous mode is used in a locator; the laser's 0laser =
= 20 mW and et = 3.10-4 rad. The area of the entrance pupil of
the objective of the locator's receiver is Aen.ap = 100 cm2 =
= 0.01 m 2 .

1/z h e FEU-46kA is: usedt as a radiation[ receiver'( 
= 1.10 14W

/Hz -.. The optical system:of the receiver and the filter is char-
acterized by coefficients T0 = 0.8; Tf = 0.3. On the object, a
corner reflector is used on which Arefl = 0.02 m 2 , Prefl =
= 0.9, d = 6 cm and the manufacturing precision is characterized
by the value n = 2. Setting kf = 1, mo = 0.5, Osc = 0.078 rad
and the signal-noise ratio m = 5, Te = 1.0, and Tk = 0.1 sec,
we have

4 16-20-10-3-2-10-2.1.10-2.8- 1.0 80.8-0.3" 0 ,

5 -10-14-103.3.14 9. 10-8.0 (063+2.0,05 ) /1(1 +0,5)

=156 KM.

Thus, in the absence of interference, in this example, the
locator provides a range of action Lr.r = 156 km.

In order to evaluate the effectiveness of the use of
corner reflectors, we use formulas (13.15) and (13.16).

394



Dividing the right and left parts term by term, we obtain

/ Arefl Prefl .I08 bos I

A refos2 +0O.) (13.17)

Considering B = 0, the areas of the reflecting surfaces /351
equal to each other, i.e., Arefl = AQb and Pref = Prefl and
assigning values n, X, and d with which the expression in the
parentheses will be no more than 1 (as a practical matter, it
is 0.2-0.8), we find

j4 - 108,

whence, Lr.r = 1.4.103 L.

Thus, with the use of corner reflectors, the range of
action increases considerably and, other conditions being equal,
exceeds the range of action against an object without corner
reflectors by more than two orders of magnitude.

13.2. Calculation of the Range of Action with the Presence of
a Radiating Background

If the object against which a locator is operating is pro-
jected on a radiating background, along with the useful radia-
tion background,radiation falls on the receiver which leads to
an increase in noise and a worsening of the threshold sensitivity
of the receiver. The appearance of background illumination
causes the background component of the photocurrent and affects
the value of the total current of the PM. For convenience in
considering the effect of background illumination on the
threshold flux, on the strength of certified characteristics
and on the basis of expression (13.14),.we write

e.t.b S pc .

whence we obtain
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e.t.bj F. V + (13.18)

where F(1) is the luminous threshold flux of the PM with the
presence'of background illumination and Af = 1; Ifc = S Fb =

= Sb b is the photocurrent caused by the background illumination;
S' is the luminous integral sensitivity of the PM to background
r diation, calculated from formula (12.14); Fb is the luminous
flux from a background which falls on the photocathode of the PM;

Sb is the integral sensitivity of the PM to radiation flux,
of the background determined by expression (12.10).; Ob is the
radiation flux from the background which falls on the photocathode.

It is known that with the complete filling of the field of /352
view by the background, the value of the flux from it which
falls on the receiver is determined by the relation

Ob = BbwvAgn.apToTf or Fb = B1WvAen.apTfT0. (13.19)

Thus, with the presence of background illuminations, the
threshold sensitivity of the locator and, consequently, also
its range, ofaction depend not only on the characteristics of
the background radiation, but also on the value of the angle of
instantaneous field of view of the locator's receiver and the
area of the entrance pupil of the objective.

We write (13.18), with consideration of formula (13.19), in
the form

scF =F l s s683!4 TTfT (13.20)

e.t.t s.tk

or

FG) FM 1 S .6838@ Aen b D fe. tb- s.t ks ls
(13.20a)

Inasmuch as most often the background radiation is caused
by scattered sunlight reflected from various objects, the
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utilization coefficients necessary for this case can either be
calculated by the method presented in Chapter 4 or taken from
tables. For some standard photocathodes, the values of coeffi-
cients kb and rb for scattered solar radiation are given in
Table 13.1 (bottom line).

In a number of cases, to reduce the effect of the background
a narrow-band interference filter transparent for radiation
with wavglength Xlaser with transmission band AXb from units of
tens of A is installed in the receiver in front of the radiation
receiver. Then the value of constant background illumination
in the spectral band AXb on wavelength Xlaser can be calculated
in the following manner. For background illuminations whose
function of spectral radiation density r(X) follows Planck's
law, the share of radiation fR taken over the spectral interval

AXb can be calculated from the known formula (1.20).

The nature of change in the value of coefficients fR,
depending on the spectral composition of the radiations which is
characterized by temperature T on various wavelengths X with the
width of the transmission filter AXb = 10 a is shown in Fig.

13.21. From the graphs, it can be seen that for scattered
solar radiation whose spectral composition is characterized,
for example, by temperature T = 6000 0 K on wavelengths of a gas
laser (He-Ne), Xlaser = 0.6328 mm, and a ruby laser, Xlaser =

= 0.6943, coefficients fR = 1.2*10-3 (X = 0.6328 pm) and

fR2 = 1.05.10-3 (X = 0.693 %m).

Consequently, with the use of narrow-band filters it is /353
necessary to consider their attenuation of the background, and
then formulas (13.20) should take the form

S. / S). Aip (X)O'rf

(13.21)

where Sx==S1s 'S(/) is the spectral sensitivity of the PM on
S ks

the radiation wavelength of the laser; s(X) is the ordinate of
the curve of relative spectral sensitivity of the PM on the
radiation wavelength of the laser.

The needed values of SX for various PM can be read from the
graphs presented in work [20].

1 [Translator's note: Fig. 13.2 not presented in original
text.]
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Using relations (13.14) and (13.21), we obtain the final
expression for calculating the value

= 1 SA ,PA, )'.OtfR O ./t!1

't.b s(X) i 683 s I . V - 1.-2 2
PM PC (13.22)

or

#(i = 1 - S B'B e '- a f R (1)rof- (13.22a)

The change in the value @t) depending on the wavelength
for various PM calculated from the formula

S S -f 5el,
^~ ~ s (%) g683

P SI'pc

is shown in work [20].

A general formula for calculating the range of action of a
locator with the presence of background is obtained from (13.15)
with consideration of (13.22)

The range of action against objects with corner reflectors
with consideration of equations (13.16) and (13.22a) can be
determined from the formula

L= L==

asersreflA en.apref1 f / + (13.2) /35) 4

8X I % ,f +./ __

S+ ,
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These formulas show that the range of action of a locator in-
creases not only with an increase in the power. of the generator
and area of the entrance pupil of the.objective of the receiver,
but also with a reduction in the angle of divergence, zone of
scan, and reduction in the effect of the background through the
use of narrower-band filters. They tie together the parameters
of the locator, object, medium, and background situation
and provide the opportunity to use the certified characteristics
of the receivers in the calculations.
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APPENDIX

TABLE 1. LUMINOUS EFFICIENCY AND EFFICIENCY OF THE EYE

FOR SOURES .WITH DIRFERENT T1VPERATURES

Tempera- Efficien Luminous [Tempera- Efficien Luminous'
ture of cy of'. effici-enture of cy of efficien-
emitter, Kthe eye v m/W mitter, he eve cy, lm/W

1200 6.10-10-6 0.00417 5500 1,30.10-1 88SS.S
1300 2,00-10-5 0.0i365 5750 1,34-10-1 91,50
1400 5:50.10-5 0.0383 6000 1,36.10-1 92.80
1500 1,42-10-4 0,0970 6500 1,37.10-1 93.60
1600 2,82-10-4 0.1923 7000 1.35-10-1 92,20
1700 4.77.10-4 0.3260 7500 1.1i 10-1 S9,50
1800 6.00-10- 4  0.4105 8000 1.26-10-1 86,10
1900 1.58.10- 3  1,080 8500 1.21 10-1 8260
2000 2.45-10-3 1,675 9000 1,14-10-1 77 80
2100 3.63-10- 3  2,480 9500 1,07-10-1 73,00
2200 5.16-10-3 3.620 10000 9.88-10 - 2  67.50
2300 7.03-10-3 4.800 11000 9,48-10-2 64.70
2360 8.50-10-3 5.810 12000 8,90-10-2 60.80
2400 9.33-10-3 6.370 13000 7 60.10-2 52.00
2500 1.20-10-2 8.20 14000 6.74-10-2 46.00
2600 1.51.10-2 10.30 15000 5, 3-10-2 39.SO
2700 1.88.10-2 12.80 16000 5.11-10-1 34.90
2850 2,43-10-2 17,00 17000 4.45.10-2 30.40
3000 3.09-10-2 21.10 18000 3.85.10-2 26.30
3100 3.52.10--2 24.10 19000 3.33-10 - 2  2S2,0
3200 4,04.10-2 27.60 20000 3.06.10-2 20,90
3300 4.47.10-2 30.30 25000 1.73-10-2 11.80
3400 4,95-10-2 33,80 30000 1.18.10-2 8 ,0
3500 5.57.10-2 38,00 35000 8.61-10-3 5.83
3750 6.82.10-2 46.70 40000 5,37-10-3 3.67
4000 8.10.10-2 55.30 45000 3,84-10-3 2.62
4250 9,24-10-2 63.20 50000 3.58-10-3 2.41
4500 1,03-10-1 70.50 55000 3.18.10- 3  2917
4750 1,11-10-1 75.80 60000- 2,64-10-3 1.81
5000 1.19-10-1 81.30 65000 2,11.10-31 1.-44
5250 1.25-10-1 85.40 70000 1,33:10-31 0.99
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TABLE 2. CHARACTERISTICS OF SOME HEAVENLY BODIES POSSESSING /355
THE GREATEST BRILLIANCE

I I~ Illumi- Irrad- Color
4 4 E-4 oo .nance iance index

c'a .Stars and heavenly " mi v U M no lx W/cm2  0)

a bodies w vrs a -0 Uo

I Sirius (aCMa Canus Major .S -1.6 -1.43 Al 10300 -0.64 1.15-10-5 1.73.10-11 0.05 0.05-0.12
2 Canopus . (.Car - Carina) 'S -0.9 -0.73 0 7600 -0.09 5.60.10-6 6.30.10-12 0.30 0.02 0.12
3 Alpha Centauri (cCen) S -0,3 -0.27 0 6000 -0.06 4.00-10-6 4.30.10-12 0.60 0.06 0.40
4 Vega (0Lyr - Lyra) N -0,14 0.04 AO 11000 -0.72 3.00-10-6 4.64.10-12 0.00 0.00-0.15
5 Capella (tAur - Auriga) N 0.21 0.09 0 6000 -0.061 2.90. 10-6 3.12-10-12 0,60 0.06 0,40
6 Arcturus (aBoo - Bootes) 'N 0.24-0.06 K2 3810 -0.72 3.30-10-6 6.80.10-12 1.16 1,20 1.15
7 Rigel (0Ori - Orion) S 0.34 0.15 VS 12800 -1.16 2.70.10 6 5.04.10-12 -0.09-0.29-0.20
8 Procyon (aCMi-Canus Mino ) N 0.48 0.37 5 6,10 -0.041 2.25-10-6 2.40.10-12 0.,41 0.00 0.25
9 Achernar (aEri - Eridanu ) S 0.60 0.53 V.5 15600 -1,58 1.95.10-6 5.30.1-12 -0.16-0,56 -0,35

.10 Beta Centauri - SCen S 0.86 0.66 VI 22500 -2.48 1.75.10-6 1.07.10-11 -0,28-1.00 -0.48
II Altair (aEri-Eridanus) N 0.89 0.80 A7 8100 -0.22 1.50.10-6 1.76-10-1" 0.19 0.08-0.07
12 Betelgeuse (aOri - Orion N 0.90 0.73 M2 3050 -3.00 1.60.10-6 7.1 fO 10-12 1.57 1.86 1.7
13 Alpha Crus (aCru) 'S .40 0.87 Vil 22500 -2.48 I1.,10.10-6 8,54,10-12 -0.28 -1.00-0.4814 Aldebaran (aTau - Taurus N 1.06 0.85 15 3550 -. 35 1.40,10-6 3.52 10-12 ,1.52 1.84 1.35
15 Pollux (UGem - Gemini) iN 1.16 1,16 KO 4200 -- 0,54 1.10.10-6 1.79-10-12 1.01 0.86 1.05
16 Spica (aVir - Virgo)' .S 1.21 1.00 VI 22500 -2.48 1.26-10-6 7,70-10-12 -0.28-1.00-0.48
17 Antares (aSco - Scorpius S 1,20 0.98 MI 3400 -1.70 1.25-10-6 3.70-10-12 1.48 1.21 1.40
18 Fomalhaut (cPsA - Piscis S 1.29 ,0.87 A3 9100 -0.47 1.40-10-6 1.82.10-12 0.09 0.07-0,05

Austrinus
19 Deneb (aCyg - Cygnus) N 1.33 1.26 A2 9700 -0.561 1.00.10-6 1.41-10-12 0.07 0,06 -0,10
20 Regulus (cLeo - Leo .N 1.34 1.36 7 13600 -1,24 8.90-10-7 1.84.10-12 -0.13-0.47-0,22



TABLE 3. CHARACTERISTICS OF A SOLID-STATE LASER /356

Basic characteristics

o o - Pulse Radiatio Beam. 0a) -- o Overall

Brand Active WOF. -P dura- power in diver- We-N f'm - dimensions,
laser substance -4 -A tion, pulse, W gence, 4 0) 0P m MM

l a) sec rad a) 0

OGM-20 Ruby 0.6913 0.4 20-10-9 2. 10 A 6.10-4 1 goo 1500 52-3x915x1390 110

Glass with
GSI-I admixture 1.0600 75 7.10-4 Ing 2.25.10-2 0.1 1200 -- - 200

f eody-

Glass with
GOs-100M admixture - 1.0600 250 1.5.10- 1,7. 10O 0.01 30000 3000 - -

of neo-
dymium •

GOR300 Ruby 0.6943 300 - 1.8.10-1 0.0031 - 700 160x610x250 38

IT-118 Calcium .00 - - 0.1 - - -- - 10
tungstate Continu-

Sous mode

* Radiation on wavelength X = 0.5300 pm obtained due to conversion of radia-
tion of the master oscillator s = 1.0600 pm with KDR crystals.



TABLE 4. BASIC CHARACTERISTICS OF GAS LASERS /357

Basic characteristics
-, Power-supply source
(4d -rg-

Radia- Beam Dimen- 0 o
Brand Active tion RadiatioL Opera Beam Overall

laser ub- wave- power, W ting diver- sions of Type dimen
stance length mode gence, radiatin o dimesons,sacec liI003sions, (d

ym rad head' 0 ' - mm

,OKG-I 1 He--Ne 0.6328 2.10-3 Contin 1.5-3)x - - -

ous X10-
3

LG-35 He-Ne 0.328 (6-10)X Conti (3-9)X 1530x240X 45 The - 530 450x370X 20
1.15 X10-a uous. x10-

4  x308 same X230

LG-55 He-Ne 0.6328 (1-2)x oti(1.5- 3 )x 363X72x58 1.5 Direct- 668A 297Xl66X

x10-3 uous X 10-3 curren X 150

"Malakhit" Ar 0.4545+ 0.2-0.5 onti- - 870x412X 40 -

0.5145 uous. X245

"Prometei 10.6 50 ontin- 1800 150X Diren 2000 1100X650 -

-50 I+N2+He 0 uous X 150 Icurren I x850 I

X=



TABLE 5. CHARACTERISTICS OF SEMICONDUCTOR LASERS /358

Spec- I I-H
trum 4 Z>l w >

Brand Radia- wih Opera- Fre- o idth of Overall
lasertion ting- quency a (d a beam, . dimensions,
laser ave- mode of eO .(a 4 rad -" . mm

length pulses '  ooo ow 4
-_-kHz M 040 Z.0 U 04

S-51 oa-As 0.90 - Pul- 2 100 200 2.0 0.58X to30
sed 2.9. I0--4

0.85 - - 30 60 -- - to 77 0.4

0.85 - . -- 1000 20 - - to 77 0.4

- . 0.01--0.1 50 4 - 0.35x0.35X 300 0.002
x2.9-10-4

RCA . 9.155 50 0 50 90 12 - 0.35x0.35x 300 0.06
X2.9-10- 4  \ 12X6X2.5

MVZ , 0.65-0,85 8 a - 50000 0,5 - 0.35x0.35x 77 0.15
X2.9.10-4

PKG . 0.85 5 . 10 100 10-12 - - 300 0.15 170x1I0x200

"Kometa-1 . 0.84-0,88 20 , 0.04- 1.0 200 3 - - 0.15 170x 110X200



TABLE 6. COEFFICIENTS OF SPECTRAL TRANSMISSION OF THE ATMOSPHERE /359
DEPENDING ON THICKNESS OF LAYER OF PRECIPITATED WATER

VAPOR (AT SEA LEVEL)

Wavelength Thickness of layer of precipitated water vapor, W, mm.

o,1 o,,o 1 5 I 0 2 20 I oo 200 I son I

0,3 0.980 0.955 0.937 0.860 0.802 0.723 0.574 0.428 0,263 0.076 0.012

0,4 0.980 0.955 0.937 0,860 0.802 0.723 0.574 0.428 0.263 0.076 0.012

0,5 0.986 0.968 0.956 0.901 0.861 0,804 0.695 0.579 0.433 0.215 0,079

0,6 0.990 0.977 0.968 0.929 0.900 0,860 0,779 0.692 0575 0.375 0.210

0,7 0.991 0.980 0.972 0.937 0.910 0.873 0.800 0.722 0.615 0.42.5 0,260

0,8 0.989 0.975 0.965 0.922 0.891 0.845 0.758 0,663 0.539 0.330 0.168

0,9 0.965 0.922 0,800 0,757 0.661 0,535 0.326 0,165 0.050 0.002 0

1,0 0.990 0.977 0.968 0,929 0.900 0.860 0,779 0.692 0.575 0.375 0.210

1,1 0.970 0,932 0.905 0.790 0.707 0.595 0,406 0.235 0.093 0.008 0

1.2 0.980 0.955 0.937 0.860 0.802 0.723 0.574 0.428 0.263 0.076 0.012

1,3 0.720 0.432 0.268 0.013 0- 0 0 0 0 0 0

1,4 0.930 0.844 0.782 0.536 0.381 0.216 0,064 0.005 0 0 0

1,5 0.997 0.991 0,988 0,972 0,960 0.944 0.911 0,874 0.823 0.724 0.616

1,6 0.998 0,996 0.994 0.986 0.980 0.972 0.956 0.937 0.911 0.860 0.802

1.7 0.998 0,996 0.991 0.986 0.980 0,972 0,956 0,937 0.911 0.860 0.802

1,8 0.792 0,555 0.406 0,062 0.008 .0 0 0 0 0 0

1,9 0.960 0,911 0.874 0.723 0,617 0.479 0.262 0.113 0.024 0 0

2,0 0.935 0,966 0.953 0.894 0.851 0 790 0.674 0.552 0.401 0.184 0.006

2,1 0.997 0,991 0.088 0.972 0.960 0.944. 0,911 0,874 0.823 0.724 0.616

2,2 0.998 0.996 0.994 0,986 0.980 0,972 0.956 0,937 0.911 0.860 0.802

2,3 0.997 0.991 0.988 0,972 0.960 0.944 0.911 0.874 0.823 0.724 0.616

2.4 0.980 0.955 0,937 0.860 0.802 0.723 0.574 0.428 0.263 0.076 0.012

2.5 0.930 0.844 0.782 0,536 0.381 0.216 0.064 0,005 0 0 0

2,6 0.617 0.261 0.110 0 0 0 0 0 0 0 0

2,7 0,351 0.040 0.004 0 0 0 0 0 0 0 0
2,8 0.453 0.092 0.017 0 0 0 0 0 0 0 0

2,9 0.689 0.369 0.205 0.005 0 0 0 0 0 0 0
3,0 0.851 0,673 0.552 0,184 0,060 0.008 0 0 0 0 0

3,1 0.900 0.779 0.692 0.375 0,210 0.076 0.005 0 0 0 0

3,2 0.525 0.833 0.766 0,506 0.347 0.184 0;035 0.003 0 0 0

3,3 0.950 0.888 0.843 0.658 0.531 0.377 0.161 0.048 0.005 0 0

3,4 0.973 0.939 0.914 0.811 0.735 0.633 0.448 0.285 0.130 0.017 0.001

3,5 0.988 0.973 0.962 0,915 0.881 0.832 0.736 0.635 0.502 0.287 0,133

0
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TABLE 6 [continued] /360

Wavelength I Thickness of layer of precipitated water vapor, W, mm

0, 0.5 1 1 5 0 2n 50 1 On 20iX) 500 100so

3.6 0.994 0.987 O.982 0.958 0.947 0.916 0.866 0.812 0.738 0.596 0,452
3.7 0.997 0.991 0.988 0.972 0.960 0.944 0.911 0.874 0.823 0.724 0,616
3.8 0.998 0.995 .99.1 0.86 0.,9() 0.972 0.956 0.937 0,911 0.860 0.802
3.9 0.998 0.995 0.994 0.986 0.980 0.972 0.956 0.937 0.911 0.860 0.802
-4.0 0.997 0,993 0,9!)0 0.977 0,970 0,960 0.930 0,900 0.870 0.790 0.700
4.1 0.997 0.991 0.988) 0,972 0.960 0.944 0,911 0,874 0.823 0.724 0.616
4.2 0.994 0.987 0,982 0.958 0.947 0.916 0.866 0.812 0,738 0,596 0,452
4.3 0.991 0.975 0.972 0.937 0.910 0.873 0 :800 0.722 0.615 0.425 0.260
4.4 0.980 0.955 0.937 0.860 0.802 0,723 0,57-4. 0.428 0,263 0.076 0.012
4.5 0.970 0.932 0.9 u5 0.790 0.707 0.595 0.400 0,235 0,093 0.008 0
4.6 0.966 0.911 0.874 0,723 0.617 0.478 0.262 0.113 0,024 0 0
4.7 0.950 0.888 0.7-13 0.658 0.531 0.377 0.161 0.048 0.005 0 0
4,8 0.940 0.866 0.812 0.595 0.452 0.289 0.117 0.018 0,001 0 0
4.9 0.930 0.844 0,782 0.536 0.381 0.216 0.064 0,005 0 0 0
5,.0 0.915 0,811 0.736 0.451 0.286 0:132 0.017 0 0 0 0
5.1 0.885 0.747 0.649 0,308 0 .19 0:041 0.001 0 0 0 0
5.2 0.846 0.664 0,539 0.168 0,052 0.006 0 0 0 0 0
5.3 0.792 0.555 0.406 0.062 0.0US 0 0 0 0 0 0
5.4 0.726 0,432 0.208 0.013 0 0 0 0 0 0 0
5.5 0,617 0.261 0.110 0 0 0 0 0 0 0 0
5,6 0,491 0.121 0.029 0 0 0 0 0 0 0 0
5.7 0,361 0.0-10 0.004- 0 0 0 0 0 0 0 0
5.8 0.141 0.001 0 0 0 0 0 0 0 0 0
5.9 0.141 0,001 0 0 0 0 0 0 0 0 0
6.0 0,180 0.003 0 0 0 0 0 0 0 0 0

6.1 0,260 0.012 0 0 0 0 0 0 0 0 0

6.2 0.652. 0,313 0.153 0.001 0 0 0 0 0 0 0

6.3 0,552 0.182 0.060 0 0 0 0 0 0 0 0

6,4 0,317 0,025 0.002 0 0 0 0 0 0 0 0

6.5 0.164 0,002 0 0 0 0 0 0 0 0 0

6.6 0.138 0.001 0 0 0 0 0 0 0 0 0

6.7 .0.322 0,037 0,002 0 0 0 0 0 0 0 0
6.8 0.361 0.040 0.004 0 0 0 0 0 0 0 0
6.9 0.416 0.068 0.010 0 0 0 0 0 0 0
7.0 0,532 0,161 0.048 0 0 0 0 0 0



TABLE 7. COEFFICIENTS OF SPECTRAL TRANSMISSION OF THE ATMOSPHERE /361
WITH ATTENUATION OF RADIATION BY CARBON DIOXIDE DEPENDING ON

LENGTH OF PATH (AT SEA LEVEL)

Wave- I Length of path, L, km
o, I 0,5 1 2 I 5 I to 20 I S 100o 2f0 I so Il _

0.3-l.2 1.000 1,000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1,000 1.000
1.3 1.000) 1.000 0.99 0.999 0,,99 0.908 0,997 0.996 0.994 0.992 0,987 0.982
1.4 0.996 0.092 0.988 0.984 0,975 0.961 O.u19 0.919 0.m85 0.838 0.747 0.6.19
1.5 0.999 0.998 0.998 0,997 0.995 0,993 0.990 0,984 0.976 0.967 0.9,19 0.927
1,6 0.996 0.992 0.988 0.9841 0.975 0.961 0.9,19 0.919 0.885 0.838 0.7417 0.6419
1.7 1.o0 1.000 0.999 0.999 0.999 0.998 0.997 0.996 0.99-1 0.992 0.987 0.982
1.8 1,000 1.000 1.000 1.000 o 1t000 1.00 1 1.000 1.0 00 1.000 I.000 1.000
1.9 1,000 1.000 0.999 0.999 0,999 0.998 0.997 0.996 0.994 0.992 0.987 0.982
2.0 0.978 0.951 0.931 0.903 0.8,17 0.78.5 0.699 0.541 0.387 0.221 0.053 0.006
2,1 0.998 . 0:)96 0.994 0,992 0.987 0.982 0,971 0,959 0,912 0,919 0.872 0.820

2.2-2,6 1.000 1.000 1 .00 1.000 1.000 1.000 .o.000 1.00 1 I .ooo000 1.000 1.000
2.7 0.799 0,669 0,419 0.253 0.071 0.011 0 0 0 0 0 0
2.8 0.871 0.695 0.578 0.4132 0.215 0.079 0.013 0 0 0 0 0
2.9 0.997 0993 0,990 0,985 0.,977 0.968 0.951 - 0,927 0,898 0.855 0.772 0,688

3.0-3.9 .000 1.01) I .01l0 1 .(0 I .00 10.0 0 000 I .000 .00i I .000 1.000
4.0 0.998 0.996 0.994 0,991 0.986 0.980 0.971 0,955 0;937 0,911 0,852 0.802
4.1 0.983 0.961 0.911 0.921 0.876 0.825 0,75.5 0,622 0.4185 0.322 0,118 0.027
4.2 0.673 01445 0.182 0.059 0,003 0 0 0 0 0 0 0
4.3 0.098 0 0 0 0 0 0 0 0 0 0 0
4.4 0.481 0.115 0.026 0.002 0 0 0 0 0 0 0 0
4.5 0.957 0.903 0.863 0.807 0.699 0.585 0.139 0.222 0.081 0.011I 0 0
4.6 0.9!9 0.989 0.985 0.978 0.966 0-951 0,931 0.891 0.815 0.783 0.663 0,5.39
4.7 0.995 0.989 0.985 0.978 0.966 0;951 0.931 0.891 0.815 0,783 0,663 0.539
4.8 0.976 0.915 0,922 0.891 0.828 0.159 0.664 0.492 0..331 0.169 0,030 0.002
4.9 0.975 0.913 0.920 0.886 0.822 0.750 0.652 0,468 0.;313 0. 153 0,024 0,001
5.0 0.999 0.997 0.995 0.994 0.990 0.986 0.979 0.968 0.954 0.935 0.897 0.855
5,1 1.00 0.999 0,998 0.998 0,996 0.994 0.992 0.688 0.9.4 0.976 0.961 0.946
5.2 0.086 0.968 0,955 0.936 0.899 0,857 0,799 0.687 0.560 0,,'20 0.203 0.072
5.3 3.T97 0.993 0.989 0.984 0.976 0.966 0,951 0.923 0.891 !).d16 0.760 0.066

5,4-7.0 1.000 1.000 11.000 1.000 1.000 1,000 1,000 1,000 1.0b0 1 .000 1.000 1.000

4
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TABLE 8. BASIC CHARACTERISTICS OF PHOTOMULTIPLIERS 
/362

A PI S 
?I mlf

00( -. Ens. sc sPM 's.t -P; m:,x e

PM 4 -4 Im/Hz IA/W A/W W/H A/ A/W

1uO )o 1H IoA/Wn 
W/Hz

PM 15A S.5 20 .0402 1700 10-7 t0 30 8.20 10-12 661 500 1.95. 10-13 1.73-101 1 .24.101 1.98I10-i

PM17A S 16X50 .158 14003-10-7 20 1000 332 1.66.101 2.0R.10-1 -2.1.104 1,05. r, 3.30.10-1.

PM-25 S6 0.0158 1700 .10-9 35 4 5.85.10-12 580 66.4 3.53.10-11 3.68-10t 4.70.10( 5.55.10-1.

PM7 7 25 0.0473 1100 5.10-9 30 1 1.15.10-11 500 16.6 6.95.10-13 1.06-101 3.51.102 3.34.10-11

PM.31 S6 25 cM0.015 8 140 0 5 10 - 7  20 10 4.47.10-11 332 166 2.70.10-12 2.1.101 1.18-101 4.25.10-14

PM-46 S6 0.0158 1.10-10 30 10 5.16.10-13 500 166 3.12.10-14 3.16.104 1.18.101 4.90.10-1G

PM146A 9 0.0172 1.10-1 30 10 5,16-10-3" 500 166 3.12.10-14 2,9.101 9.65-103 5.31-.10-16

PM.52 S,8 70 0.017618006.10-
s -45 10 1.03-10-11 750 166 6.20 10-13 4.25.104 9.43. 10' 1.09.10-14

PM-62 S:l 10 0.208 1300 6.10- 8  15 5.65-10-11 250 16.6 3.42.10-12 1.2.103 80 6.80-10-13

PM.64 6 5 0,0158 1500 5.10-8 25 1000 1.26.10-12 415 1,.66-104 7.60.10- 14 2.6.104 1.18.106 1.20.10-1s

PM-67 6 10 0.01581250 5.10- 20 3 8.16.10-12 332 50 4.93-10-13 2.1.104 3.50-10" 7.77-10-15

PM -68 11 10 0,0418 1400 10-8 60 1 1.15.10-11 1000 16,6 6.95.10-- 2.39.104 4.00-102 2.90-10-14

PM .71 15 16 0,0156 1000 1.10-8 30 100 1.63-10-12 1.66.101 9.82.10-14 3.2-101 1.06.105 1.53.10-15

13005.10-7 1000 3.65-10-12 500 1,66.104 2,20.10-13 1.06.10 3.42.10- s
I3 .O



REFERENCES /363

1i. Alekseyev, K.B. and G.G. Bebenin, Upravleniye kosmicheskimi
letatel'nymi apparatami [Control of Spacecraft], Mashino-
stroyeniye,Moscow, 1964.

2. Beletskiy, V.V., Dvizheniye iskusstvennogo sputnika otnosi-
tel'no tsentra mass [Movement of an Artificial Satellite
Relative to the Center of Mass], Nauka, Moscow, 1965.

3. Bramson, M.A., Infrakrasnoye izlucheniyenagretykh tel [Infra-
red Radiation of Heated Bodies], Nauka, Moscow, 1965.

4. Bramson, M.A., Spravochnyye tablitsy po infrakrasnomu izlu-
cheniyu nagretykh tel [Reference Tables on Infrared Radia-
tion of Heated Bodies], Nauka, Moscow, 1964.

5. Watanabe, K., "Processes of Absorption of Ultraviolet Radia-
tion in the Upper Atmospherg," in the book Issledovaniye
verkhney atmosfery Skpomoshchyuraket i sputnikov [Investi-
gation of the Upper Atmosphere with the Aid of Rockets and
Satellites], Foreign Literature Publishing House, Moscow,
1961.

6. Volosov, D.S. and M.V.' Tsyvkin, Teoriya i raschet svetoopti-
cheskikh sistem [Theory and Design of Light-Optics Systems]
Iskusstvo, Moscow, 1960.

7. Voronkova, Ye.M. et al., Opticheskiye materialy dlya infra-
krasnoy tekhniki [Optical Materials for Infrared Equipment],
Nauka, Moscow, 1965.

8. Jamisson, J.E. et al., Fizika i tekhnika infrakrasnogo izlu-
cheniya [Physics and Equipment of Infrared Radiation],
Sovetskoye radio, Moscow, 1965.

9. Yefimov, M.V., Avtomaticheskiye sistemy s opticheskimi obrat-
nymi svyazyami [Automatic Systems with Optical Feedbacks],
Energiya, Moscow, 1969.

10. Zuyev, V.Ye., Prozrachnost' atmosfery dlya vidimykh i
infrakrasnykh luchey [Transparency of thle Atmophre for
Visible and Infrared Rays], Sovetskoyc radio, Moscow, 1966.

11. Ivandikov, Ya.M., Optiko-elektronnyye pribory dlya-oriyen-
tatsii i navigatsii kosmicheskikh apparatov LE Eetro-optical
Instruments for Orientation and Navigation of Spacecraft],
Mashinostroyen.iye,Moscow, 1971.

409



S .--ar, A.N. and B.F. Fedorov, Opticheskiye kvantovyye gen-
eratory v voyennom dele [Lasers in Military Affairs],
Sovetskoye radio, Moscow, 1966.

13. Isayev, S.I. and N.V. Pushkov, Polyarnyye siyaniya [Polar
Auroras], Izd-vo AN SSSR, Moscow, 1958.

14. Katys, P.G., Informatsionnyye skaniruyushchiye sistemy [Infor-
mation Scanning Systems], Nauka, Moscow, 1965.

15. Karachentsev, I.D., "The Influence of Micrometeorites on
Optical Surfaces," in the book Iskusstvennyye sputniki
Zemli [Artificial Earth Satellites], Izd--vo AN SSSR,
Issue 15, Moscow, 1963.

16. Kozelkin, V.V. and I.F. Usol'tsev, Osnovy infrakrasnoy tekhniki
[Principles of Infrared Equipment], Mashinostroyeniye,Moscow,
1967.

17. Kondrat'yev, K.Ya. and K.Ye. Yanushevskaya, "Angular Distribu-
tion of Departing Thermal Radiation in Various Regions of
the Spectrum," in the book Iskusstvennyye sputniki Zemli
[Artificial Earth Satellites], Izd-vo AN SSSR, Issue 14,
Moscow, 1962.

18. Kriksunov, L.Z. and I.F. Usol'tsev, Infrakrasnyye sistemy
obnaruzheniya pelengatsii i avtomaticheskogo soprovozh-
deniya dvizhushchikhsya ob'yektov [Infrared Systems for
the Detection, Direction Finding, and Automatic Tracking
of Moving Objects], Sovetskoye radio, Moscow, 1968.

19. Kulikovskiy, P.G.,Spravochnik lyubitelya astronomii [Reference
Book for the Amateur AstronomerJ, Fizmatgiz, Moscow, 1964.

20. Lazarev, L.P., Infrakrasnyye i svetovyye pribory samonave-
.deniya i navedeniya letatel'nykh apparatov [Infrared and
Luminous Instruments for Homing and Guidance of Aircraft],
Mashinostroyeniye, Moscow, 1966.

21. Luk'yanov, S.Yu., Fotoelementy [Photocells, Izd-vo AN SSSR,
Moscow, 1948.

22. Ma(::utov, D.D., Antrjonor miclheslkaya opti1a [Anrltronomln lI -pi I , /iil

23. Markov, M.N., Priyemniki infrakrasnogo izlucheniya [Infrared
Radiation Receivers], Nauka, Moscow, 1968.

24. Meshkov, V.V., Osnovy svetotekhniki, [Principles of Illumfiina-
tion-Engineering], Part 1, Gosenergoizdat, Moscow, 1957.

410



25. Miroshnikov, M.M., "A New Trend in Infrared Equipment --
Television," Trudy Gosudarstvennogo Opticheskogo instituta
im. S.I. Vavilova XXIX, Issue 158 (1965).

26. Mirtov, B.A., "Meteoric Matter and Problems of Geophysics of
the Upper Layers of the Atmosphere," in the book Iskus-
stvennyye sputniki Zemli [Artificial Earth Satellites],
Izd-vo AN SSSR, Issue 4, Moscow, 1960.

27. Mikhnevich, V.V. et al., "Some Results in Determining Para-
meters of the Atmosphere," in the book Iskusstvennyye
sputniki Zemli [Artificial Earth Satellites], Izd-vo AN SSSR,
Issue 3, Moscow, 1959.

28. Moroz, V.I., "About the Earth's Dust Shell," in the book
Iskusstvennyye sputniki Zemli [Artificial Earth Satellites],
Izd-vo AN SSSR, Issue 12, Moscow, 1962.

29. Nazarova, T.N., "Investigation of Meteoric Dust on Rockets
and Artificial Earth Satellites," in the book Iskusstvennyye
sputniki Zemli [Artificial Earth Satellites], Izd-vo AN SSSR,
Issue 12, Moscow, 1962.

30. Frishman, N.G., "Distribution of Energy in Spectra . of Polar
Auroras in the Region of 3900-8707 A," Optika i spektros-
kopiya 6 (1959).

31. Olesk, A.O., Fotorezistory [Photoresistors], Energiya, Moscow,
1967.

32. Pavlov, A.V. and-D.P. Shelkovnikov, "How to Calculate Integral
Sensitivity," Tekhnika i vooruzheniye (3) (1961).

33. Petrov, V.P., Kosmicheskiye stantsii pogody [Weather Sat-

ellites], Izd-vo AN SSSR, Moscow, 1966.

34. Malkevich, M.C., ed., Rakety i iskusstvennyye sputniki v
meteorologii [Rockets and Artificial Satellites in Meteoro-
logy], Foreign Literature Publishing House, Moscow, 1963.

35. Safronov, Yu.P., Yu.G. Andrianov, and D.S. Iyevlev, Infra-
krasnaya tekhnika v kosmose [Infrared Equipment in Space],
Voyeni ldat, Mos;cow, 1963.

36. Seloznev, V.P. and M.L. Kirst, Sistemy naviat:ii. kou-miclheo,-
kikh letatel'nykh apparatov [Systems for the Navigation of
Spacecraft], Voyenizdat, Moscow, 1965,

37. Smith, R., F. Jones and R. Chesmer, Obnaruzheniye i izmereniye
infrakrasnogo izlucheniya [Detection and Measurement of
Infrared Radiation], Foreign Literature Publishing House,
Moscow, 1959.

4. 1



38. Soboleva, N.A., A.G. Berkovskiy, N.O. Chechik, et al.,
Fotoelektronnyye pribory [Photoelectronic Instruments],
Nauka, Moscow, 1965.

39. Spravochnaya kniga po svetotekhnike [Reference Book on
Illumination Engineering], Izd-vo AN SSSR, Moscow, 1956.

40. Elektrovakuumnyye pribory, spravochnik [Vacuum
Tube- Devices-, Reference Book], Vol. III, Ministry of the
Electronics Industry, 2nd edition, 1967.

41. Sputniki svyazi [Communication Satellites], Voyenizdat,
Moscow, 1966.

42. Tverskoy, P.N., ed., Meteorologiya [Meteorology], Gidrometeo-
izdat, Moscow, 1951.

43. Tikhodeyev, P.M., Svetovyye izmereniya v svetotekhnike [Light
Measurements in Illumination Engineering], Gosenergoizdat,
Moscow, 1962.

44. Tudorovskiy, A.I., Teoriya opticheskikh priborov [Theory of
Optical Instruments], Izd-vo AN SSSR, Moscow, 1970.

45. Turygin, I.A., Prikladnaya optika [Applied Optics], Mashino-
stroyeniye, Moscow, 1965.

46. Fabri, Vvedeniye v fotometriyu [Introduction to Photometry],
ONTI, 1934.

47. Frimmer, A.I. and I.I. Taub:kin, ed., Poluprovodnikovyye foto-
priyemniki i preobrazovateli izlucheniya (Sbornik statey)
[Semiconductor Photoreceivers and Radiation Converters
(Collection of Articles)], Mir, Moscow, 1965.

48. Khrigian, A.Kh., Fizika atmosferi [Physics of the Atmosphere],
Gostekhizdat, Moscow, 1953.

49. Chechik, N.O., S.M. Faynshteyn, and T.N. Lifshits, Fotoelek-
tronnyye umnozhiteli [Photomultipliers], Gostekhizdat,
Moscow, 1957.

50. Churilovskiy, V.N., Teoriya optich<Ukkh rlbovv [hrp y of
Optical Instrument ], Mani Ari:n roye('ly.1y , Mo ncow, ]9((0.

51. Yakushenkov, Yu.G., Fizicheskiye osnovy optiko-elektronnykh
priborov [Physical Properties of E-lectro-OpticalInstruments],
Sovetskoye radio, Moscow, 1965.

52. Aviatsiya i kosmonavtika (10) (1965); (2) (1963).

412



53. Voprosy raketnoy tekhniki (6) (1963); (10) (1969).

54. Pol', A.I., "Results of Visual and Photometric Observation
of Polar Auroras," Geomagnetizm i aeronomiya 1 (1961).

55. Raketnaya i kosmicheskaya tekhnika [Missile and Space Techno- /365
logyJ 1964-1965.

56. Issledovaniye kosmicheskogo prostranstva [Investigation of
Outer Space],Journal of Abstracts (4, 7, 9) (1966).

57. Arck, M., "Simulator Proves Operation of Horizon Sensors,"
Automatic Control 15(3), 21-26 (1961).

58. Astheimer, R.W., "Infrared Horizon Sensors for Attitude
Determination," Peaceful Uses of Automatics in Outer Space,
Plenum Press, New York, 1966.

59. Astheimer, R.W., Infrared Horizon Sensor Techniques for Lunar
and Planetary Approaches [sic].

60. Beller, W. and R. Van Osten, "Mariner Carrier Planet Fly-by
Hopes," Missiles and Rockets 8(1,2) (1961).

61. Bishop, D.R., "Horizon Seeker Errors Arising Out of the
Statistical Properties of the Horizon," Amer. Astronaut. Soc.
[sic] 96 (1961).

62. Kendall, P.E. and R.E. Stalcup, "Attitude Reference Device for
Space Vehicles," Proc. IRE 48(4) (1960).

63. Kovit, B., "Infrared Horizon Sensor Guides Planetary Orbiting,"
Space Aeronautics 35(2), 131-133 (1961).

64. Newcomb, A.L. et al., "A Novel Moon and Planet-Seeking Attitude
Sensor for Use in Spacecraft Orientation and Control, IEEE
International Convention Records (4), 48-53 (1965).

65. Hanel, R.A., W.K. Bandech, and R.T. Conrath, "The Infrared
Horizon of the Planet Earth," NASA Preprint, Goddard Space
Flight Center, Greenbelt, Md., August 1962, pp. 1-20.

66. Navigatlon 3(3) (1966).

67. Wermrser, E.M., "Infrared Instrumentation: A Sure Bet for
Spacecraft," Space Aeronautics 36(2), 127-142 (1961).

68. Peaceful Uses of Automatics in Outer Space, Plenum Press,
New York, 1966, p. 119.

413



69. Miller, B., "New IR Space Sensors Add to Reliability," Aviation
Week, 68-71 (1964).

70. Schwarz, F. and T. Falk, "High Accuracy, High Reliability
Infrared Horizon Sensors for Earth, Lunar and Planetary Use,"
Navigation 13(3), 246-259 (1966).

414


